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ABSTRACT
Many foods, particularly fish, change in texture and become tough on frozen storage. 
In addition to ice crystal formation that causes protein denaturation, lipid oxidation 
products including aldehydes may induce protein cross-linking. In this study, Atlantic 
Mackerel was stored for up to 26 weeks at -80 and -10 °C. The formation of 
aldehydes was investigated by thiobarbituric (TBARS) test, HPLC and LC-MS, As 
expected, there was an increase in the production of aldehydes during storage at -10  
°C compared with the control fillets at -80 °C. However, in addition to 
malonaldehyde (MDA) and hexanal (HEX), we report the formation of 
gluteraldehyde (GLA) and hydroxynonenal (4-HNE) in frozen fish for the first time. 
Frozen storage also decreased protein solubility, induced changes in protein 
conformation and increased formaldehyde and DMA formation. Changes in texture 
during storage, assessed by small deformation rheology showed increased elastic 
modulus (G’) values. Aldehyde formation in fish and consequently the G’ values 
were reduced in samples that were treated with antioxidant (green tea). A model 
study using BSA with various aldehydes showed a decrease in lysine availability, 
increased G’ values and conformational changes including increased J3-sheet and 
tyrosine doublet ratio and decreased tryptophan and disulphide groups. Increased 
MW of BSA-aldehyde adducts as well as fragmentations were observed by LC-MS.
Methyl linoleate (ML) and extracted mackerel oil were oxidised under ultraviolet 
(UV) radiation for 24, 48 and 72 hours and lipid peroxidation was assessed by 
measuring peroxide value (PV) and TBARS. To assess the cytotoxicity, oxidized 
lipids (0, 20, 40, 80 and 100 pg/ml) (ML or fish oil) were added to human colon 
cancer (Caco-2) cells (density 2 x 104 cells/well) and incubated for 24 h. Using the 
MTT assay, a decrease in cell viability was observed in all samples treated with UV 
oxidized ML or fish oil, at concentrations above 40 pg/ml. Caco-2 cells treated with 
24 and 72 h oxidized mackerel oil were less damaged compared to cells treated with 
oxidized ML. Improved cell viability and decrease in lipid peroxidation were shown 
in cells pretreated with 50 pM EGCG. The mechanism of cell death either by 
necrosis or apoptosis was investigated. Oxidized 100 pg/ml ML or fish oil-treated 
caco-2 cell line showed characteristics of apoptosis. Morphological changes resulted
from cellular membrane rupture, the formation of apoptotic bodies, DNA 
fragmentation and caspase-3 activation, detected by Western blotting; these features 
were visualized by bioimaging techniques such as light microscopy, fluorescence 
microscopy, Raman microspectroscopy and atomic force microscopy.
ACKNOWLEDGEMENTS
I gratefully acknowledge the assistance of several individuals without whom this 
thesis could not have been completed.
I would like to express my deep sense of indebtness to my supervisor Prof Nazlin 
Howell, for her constant guidance, wisdom, critical comments, valuable suggestion 
and continuous encouragement and never ending support through my study. I am 
highly impressed by her simplicity, patience, availability and when requested, 
supportive attitude and above all her friendship.
Dr. S. Saeed and Dr. F. Badii, special thank to you for all the support, friendship, 
words of encouragement and never ending smiles.
Prof. M. Clifford and Dr G. Wago, I acknowledge and thank you for the helpful 
comments and suggestions. Dr. H. Herman, your help and support with Raman 
spectroscopy is greatly appreciated. Dr Lee, thank you for your help with AFM.
Kittima, Nline and Nattia, my wonderful friends in the laboratory thank you for the 
encouragement and support. My colleagues in the Nutrition and Food Safety 
laboratory thank you for providing a friendly and conducive environment; and for 
standing the fish aroma.
School of Biomedical and Molecular Sciences Administrative staff, especially Anna 
and David, thank you for the help during my work and facilitating my requirements. 
Hajo and Eric, I extend to you my sincere appreciation for technical assistance.
My friends Badriyah, Raja, Muna, Seham, Ghada, Fadila, Sama, in the rough and 
smooth times, you gave me the encouragement and friendship dunning the in my 
academic journey. Sarnia and Fatma, you stood by me through all my endeavours, 
thank you for the unlimited support and understanding.
My parents, Omar and Marimna, thank you for always encouraging me to pursue this 
path and follow my dreams. My brother Moammar, I appreciate and thank you for 
the unconditional support and encouragement to pursue my interest desires, even 
when it meant beyond boundaries of language, field and geography. Khiria, Najia, 
Naima, Nadia, Zahra and Ftaim, my beloved sisters, thank you for believing in me, 
listening to all my complaints and frustrations. To my nieces and nephews, thank you 
for giving my life meaning! My brothers in law, Mahmod, Abdulla and Nassar, thank 
you for being always there for me.
Dr H. Alhaji, from the University of Alfath, Libya; from deep down in my heart, I 
thank you for going out of your way to facilitate my scholarship and admission.
Last, but not least, I wish to acknowledge and thank the Libyan government for their 
financial support that made my project and the field research possible. It’s my belief 
and hope, that GOD willing; I will plough back to my community all the learning and 
experience that this great opportunity gave to me.
I thank you all!
Aims
The aims of this study were to investigate lipid oxidation in stored frozen Atlantic 
mackerel and to examine the effect of lipid oxidation products on protein structure 
and cytotoxicity in human cultured cells.
Objectives
• To assess the primary and secondary lipid peroxidation products formed 
during frozen storage of mackerel in the presence and absence of 
antioxidants (green tea).
. To assess structural and physicochemical changes in the proteins in intact 
mackerel muscle.
• To study the interaction between secondary lipid oxidation products and 
proteins and its effect on food texture and nutritional properties.
• To analyse the effects o f natural antioxidants on delaying lipid oxidation 
in food.
• To investigate the cytotoxicity effect of oxidized lipid in caco-2 colon 
cancer cultured cells.
• To study the effect of tea antioxidant on reducing lipid oxidation and 
cytotoxicity in human caco-2 cultured cells.
v
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CHAPTER ONE
1. GENERAL INTRODUCTION
1.1. Protein in fish
Proteins comprise essential amino acids, which are linked together by peptide bonds. 
The amino acid composition of fish muscle proteins is roughly similar to protein in 
mammalian muscle, but the physical properties are slightly different. Muscle proteins 
contribute substantially to the overall properties of meat and meat products (red meat, 
poultry and fish), including texture, appearance, and juiciness, as well as physical 
stability during storage.
1.1.1 Protein structure
A knowledge of protein structure is necessary for an understanding of protein folding 
and stability. The basic level is the amino acid sequence, which alone determines the 
resulting protein secondary and tertiary structures. Several types of regular backbone 
arrangements are very abundant in protein structures (Figure 1 ).
1.1.1.1. Primary structure
The primary structure of a protein is defined as a linear sequence of amino acids that 
are linked by covalent peptide bonds to form the polypeptide chains of molecules. It 
is the unique sequence of amino acids which imparts many of the essential properties 
of proteins such as protein solubility. The stability of the primary structure leads to 
many aspects of chemical structure such as disulfide bonds and other covalent cross- 
linking bonds and any groups or molecules that are bonded covalently to polypeptide 
chains (Holem and Hazel, 1998).
H (o, 
Amino Acid
M M
Polypeptide
P rim ary Structu res
q  -Helix Secondary Structures P -Pleated sheet
Tertiary Structure
Quarternary Structure
Figure 1.1. Protein structure. Adapted from 
matcmadison.edu/.. ./labManual/chapter 2.htm.
1.1.1.2. Secondary structure
The primary structure gives the sequence of amino acids in a protein chain while the 
secondary structure reveals the arrangement of the chain in space. The most common 
secondary structure elements in proteins are the a-helices and (3-shcets. They arc 
stabilized by hydrogen bonds between peptide amide and carbonyl groups. Since the 
native structure of a protein is that structure which possesses the lowest possible free 
energy, the a-helix is the most abundant and stable secondary structure in proteins. 
The a-helix involves interactions between amino acid residues close to one another in 
the sequence. Examples of protein types in which the alpha helix predominates are 
enzymes and respiratory proteins. The P-shect type results from extended polypeptide 
chains which associate by hydrogen bonding.
I.I.I.3. Tertiary structure
The tertiary structure is the final specific geometric shape that a protein assumes. 
This final shape is determined and stabilized by a variety o f  bonding interactions 
between the side chains on the amino acids, including hydrogen bonding, ionic and 
non-polar hydrophobic interactions and disulfide bonds. These bonding interactions 
may be stronger than tbe hydrogen bonds between amide groups bolding the helical 
structure.
1.1.1.4. Quaternary structure
The three-dimensional structure o f  tbe multi subunit protein tbat involves the 
arrangement o f  two or more polypeptide chains is described as tbe quaternary 
structure (Nakai and Modler, 1996). In addition to the free energy gain by folding o f  
a single polypeptide chain, association o f  more than one polypeptide chain (subunit) 
can provide further gains in free energy. The constituent chains o f  a multisubunit 
protein can be identical or different (Berg and Tymoczko, 2002). Quaternary 
structures are stabilized m ainly by non-covalent interactions such as hydrogen  
bonding, van der W aals interactions and ionic bonding between subunits. In rare 
instances, disulfide bonds betw een cysteine residues in different polypeptide chains 
are involved in stabilizing tbe quaternary structure. Many proteins o f  importance in 
food system s exhibit quaternary structure such as soy  globulins, haem globin, casein  
and actomyosin.
1.2. Structure of muscle protein
The proteins in fish m uscle are characterized according to their solubility features, 
into groups:
1.2.1. Structural proteins
1.2.1.1. Myofibrillar proteins
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Myofibrillar proteins constitute 70 % o f  m uscle protein; they are soluble in salt 
solution (>2 %) and are responsible for functional characteristics o f  fresh and 
processed muscle food. The structures and properties o f  m uscle proteins have been 
reviewed (Morrisey et al., 1987). M yosin and actin are the predominant constituents 
in myofibrilar proteins which account for more than 70 % o f  total protein (Pearson 
and Young, 1989).
Myofibrillar proteins comprise a high percentage (50-55 %) o f  myosin. M yosin  
contains two identical polypeptide chains with a high degree o f  alpha-helical 
structure. The two chains are coiled around each other and terminate in two globular 
heads (figure 1.2). M yosin has a molecular weight o f  about 500,000 and is the 
building block in the sarcomeres o f  m uscle protein. M yosin has a high proportion o f  
basic (17 %) and acidic amino acids (18 %) and about 42 thiol residues that contribute 
to myosin functionality.
S1 fragment
Figure 1.2. Myosin molecule structure. Adapted from 
http://images.google.co.uk.
The second main protein in m uscle is actin, which represents 15 % o f  the meat 
proteins. There are three actin isoform s a, p, and y. In its monomeric, globular form, 
actin is referred to as G-actin. 400 G-actin m olecules join to form a non-covalent 
filament called F-actin (Carlier, 1991). The backbone o f  the thin filament consists o f  
two F-actin filaments coiled around one another in a helical conformation (Offer et
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al., 1989). Compared with myosin, actin is more stable during frozen storage as 
assessed by electrophoresis and amino acid analysis (Shenouda, 1980; Sikorski and 
O lley, 1976; Connell, 1975). For instance, it is reported that during frozen storage o f  
cod for thirty weeks the extractability o f  m yosin decreased by about 80 % (Badii and 
H ow ell, 2001; Shenouda, 1980).
M yosin and actin are cross-linked in the form o f  actomyosin that is the dominant 
functional protein com plex in low-salt processed meats. There are many other 
proteins present in m yofibrils such as titin, tropomyosin and a-actitnin (Asghar et al., 
1985). The myofibrillar proteins are located within four structural units namely the 
thick filaments (m yosin), the thin filaments (actin), the cytoskelatal filaments (nebulin 
and titin) and Z-disks (e.g a-actitnin) (figure 1.3).
Z-disk
Cytoskeletal filaments 
(Nebulin) (Trtin)
Thin filament 
(Actin)
Thick filament 
(Myosin)
Figure 1.3. The basic unit of a sarcomere of a myofibril
1.2.1.2. Sarcoplasmic proteins
Sarcoplasmic proteins include m yoglobin, globulin and enzym es, which account for 
16-22 % o f  the m uscle tissue total protein. The sarcoplasmic protein fraction consists
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o f  at least 500 individual proteins involving many metabolic enzym es. They are 
soluble in water and dilute salt solution (Pearson and Young, 1989).
I.2.I.3. Connective tissue protein
Collagen is an insoluble fibrous protein that is most abundant in mammals accounting 
for 25-30 % o f  total body protein. Collagen has a triple helix structure that com prises 
a highly unusual amino acid com position and sequence (figure 1.4); it is proximately 
33 % glycine, 23 % proline and hydroxyproline, 11 % alanine, and contains the 
unusual amino acids 3 -hydroxyproline, 4- hydroxyproline, and 5-hydroxylysine  
(Bechtel, 1986) and is stabilized by intra- and intcrmolecular covalent cross-linking. 
These cross links are mediated by the enzym e lysyl oxidase that catalyzes the 
oxidative deamination o f  lysine and hydroxylysine to form the aldehydes allysine and 
hydroxyallysine respectively.
Pnmary structure
■ ■ - 300nm(4.4D)-------* Collagen molecule
(tertiary structure)
67nm *  0
holerone. 0.6 0  h- \ /  over tape zone. 0.4 0
■ structure
Quaternary
(smith microfibnf)
D
tfm a m m m
Figure 1.4 . Collagen structure. Adapted from 
http://labs.ansci.uiuc.edu/meatscience/Library/collagen.htm.
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Collagen is the major component of fish connective tissue which exists in different 
genetic forms (Kimura, 1997). There are two types of collagen in muscle and skin of 
fish, namely type I and type V collagens which are reported to be major and minor 
collagens respectively (Kimura et al., 1988; Sato et a l 1988; Sato et al., 1989; Yata 
et al., 2001).
The chemical and physical properties of collagen proteins are different in tissues such 
as skin, swim bladder and the myocommata in muscle. It is reported that varying 
amounts and types of collagen in different fishes may also have an influence on the 
textural properties of fish muscle (Hatae et al., 1986; Sato et al., 1986).
1.3. Frozen storage of fish proteins
Freezing is the most important commercial process for preserving fish, especially 
fillets. However, it is well known that freezing of fish results in undesirable changes 
in the protein and lipid fraction. These changes cause the deterioration in sensory 
quality, a loss of nutritional value and changes in texture, colour and flavour (Bennour 
et al, 1991; Nunes et al, 1992; Olafsdottir et al, 1997; Badii and Howell, 2002a). 
These aspects are summarised in table 1.1.
Biomembranes are stabilized by hydrophobic interactions among lipid components 
and between membrane lipids and hydrophobic proteins. In addition, there are 
electrostatic interactions among membrane ions and between ionized groups and polar 
molecules. Electrostatic bonds are important in binding proteins and in interactions 
between membranes and the solute phase. Structural damage on freezing results from 
ice crystal formation which is a consequence of water removal from the membrane. 
Fast freezing leads to the intracellular formation of fine ice crystals that does not 
disrupt cells. In contrast, slow freezing leads to interacellular formation of large ice 
crystals that damage cells and release enzymes that enhance biochemical deterioration 
and lipid oxidation. The growth and size of ice crystals is increased by the 
fluctuations in storage temperature and high temperature (Haard, 1992).
In addition to the physical damage due to the formation and growth of ice crystals, 
changes in moisture on freezing and frozen storage cause damage because of
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dehydration and increase in salt concentration. As ice formation robs the protein 
network of water, the hydrogen bond becomes weak and this weakening leads to the 
breakdown of the three dimensional protein structures and eventually causes 
aggregation of proteins. Consequently, the protein network cannot bind water, which 
is held simply through capillary forces. Thus water is easily expressed by pressure 
from thawed fish.
Aspect of quality Responsible of chemical and physical 
reaction
Appearance
Dry Protein denaturation
Gaping Breakdown of connective tissue
Freezer bum Sublimation of ice
Yellowish Lipid oxidation, formation of aldehyde
Odour
Cold-store odour Formation of carbonyls by lipid oxidation
Sour Formation of carbonyls by lipid oxidation
Rancid Formation of carbonyls by lipid oxidation
Soapy Lipolysis
Amine TMAO degradation into DMA and TMA
Texture
Dry Protein denaturation, loss of muscle
structure
Firm, tough Reaction between lipid oxidation
products formaldehyde and protein
Soft, mushy Proteolysis
Table 1.1. Quality aspects and consequences of frozen storage
Protein denaturation and lipid oxidation are the major changes that have been 
investigated. Muscle stability is related to lipid-lipid, protein-lipid, and protein- 
protein interactions in the membrane. Biochemical changes in fish muscle during 
frozen storage result in degradation of the membrane that can influence the activity of 
enzymes bound to membrane.
1.3.1. Denaturation during frozen storage
Frozen storage of fish results in a number of changes in the muscle proteins primarily 
due to protein denaturation. Protein denaturation is defined as an alteration in the
secondary and tertiary or quaternary structure of proteins. Many factors lead to 
protein denaturation such as heat, pH, salts and surface effects. These agents can 
disturb non-covalent forces which hold the protein and ultimately cause chains to 
unfold (Fox and Cameron, 1999). Protein exposure leads to a loss in biological 
activity and significant changes in some physical and/or functional properties such as 
decreased solubility of the myofibrillar and sarcoplasmic proteins (Badii and Howell, 
2002a; Saeed and Howell, 2002).
Figure 1.5. Protein denaturation. Adapted from http://images.google.co.uk.
During storage, muscle proteins are dehydrated and denatured and membranes are 
destroyed (Haard, 1992; Hultin, 1995); the most important pathways are lipid 
hydrolysis and oxidation (Hultin et al., 1992; Shewfelt, 1981) as well as activity of 
the trimethylamine oxidase (TMAOase) (Sotelo, 2000; Leelapongwattana et al., 
2005). Lipid hydrolysis by enzymatic or non-cnzymatic ways leads to free fatty 
acids. Free fatty acids can influence proteins by decreasing their solubility; however, 
the mechanism of this effect has not been well explained. Sikorski and Kolakowska 
(1996) suggested that free fatty acids attach to proteins which leads to a more 
hydrophobic microenvironment around the protein surface that decreases aqueous 
solubility or increases further intermolecular linkage formation (Sikorski, 1976). The 
reaction between oxidized lipids and proteins in fatty fish also contributes to texture 
deterioration (Saeed and Howell, 2004).
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Protein denaturation is generally determined by measuring protein solubility, Ca2+ - 
ATPase activity and characterization by polyacrylamide gel electrophoresis. Badii 
and Howell (2001, 2002b) have also monitored denaturation by FT-Raman 
spectroscopy, differential scanning calorimetery (DSC and rheology. In addition, 
many studies confirm that the deleterious effect of lipid oxidation products on protein 
structure and function in frozen fatty fish using a range of lipid oxidation markers and 
inhibition by antioxidant mixtures (Badii and Howell, 2002; Saeed and Howell, 
2002b).
1.3.2. Raman and FT- IR spectroscopy of protein conformation
Raman and FT-IR spectroscopy are important analytical techniques in both food 
science (Li-Chan, 1996; Ozaki et al., 1992; Meng et al., 2006) and medical studies. 
Raman spectroscopy is an inelastic scattering process in which photons incident on 
the sample, transfer energy to or from molecular vibrational modes. It is a coherent 
two photon process in which a molecule simultaneously absorbs an incident photon 
and produces a Raman photon accompanied by its transition from one energy level to 
another, giving rise to a frequency shift of the emitted photon. Since the energy levels 
are unique for every molecule, the Raman spectrum is characteristic of specific 
molecular motions. Therefore, Raman spectroscopy is very useful for providing 
information about the structure and interaction of biochemical molecules in food 
products (Li-Chan, 1996) and within intact cells and tissue (Naumann, 2001a; 
Naumann, 2001b)
IR and Raman spectroscopy study the stretching and bending deformation of bonds. 
IR relies on the changes in dipole moment between two atoms whereas, Raman 
scattering depends on changes in the polarizability of the molecule. For instance, 
polar function groups like C=0 and C=N have very strong IR stretching vibrations, 
while non-polar groups such as C=C and N=N have high intensity in the Raman 
spectrum (Painter, 1984). The selection rules for Raman scattering differ from those 
for infrared absorption and so Raman and IR spectra provide somewhat 
complementary information. Unlike IR, Raman spectroscopy has minimal
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interference from water; therefore it is a good choice for biological samples (Pappas 
et a l 2000).
In order to increase the Raman sensitivity and expand the area of its applications, 
Raman spectroscopy combined with an optical microscope has been used as a 
diagnostic tool for early detection of cellular damage induced by toxic agents 
exposure (Notingher and Hench, 2006).
1.4. Lipids in fish
The lipids in fish are different from those of most other animals in that they have 
longer chains and a higher degree of unsaturation. Lipids in fish flesh consist of 
phospholipids, triacylglycerols (TAG) and sterols. Phospholipids contribute to 
essential functions such as regulating the properties of membranes and participating in 
basic cellular functions whereas the triglycerides are lipids which are involved in the 
storage of energy in fat depots.
The fat content of fish is highly variable and is influenced not only by the kind of fish 
but the maturity, season, food availability and feeding habit. For instance, the dark 
muscle of mackerel contains 20 % lipid in comparison with 4 % in the white muscle 
(Hamilton, 1994) whereas Atlantic herring has a seasonal variation level of 1-25 % 
total fat.
Depending on the amount of fat, fish can be classified into four groups (Ackman, 
1994):
• Lean (2 % fat) such as cod and haddock
• Low-fat (2-4 % fat) such as sole and halibut
• Medium-fat (4-8 % fat) such as wild salmon and
• High-fat (>8 % fat) such as herring and mackerel
Most of the lipid in fish is stored in the subcutaneous tissue, belly flap, muscle tissue, 
liver, mesenteric tissue and in the head (Ackman, 1994).
1.4.1. Fatty acids
Fish and mammalian lipids differ in that fish consists of more than 40 % long-chain 
fatty acids (18-22 carbon atoms) which are highly unsaturated (each fatty acid has up
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to 5 or 6 double bonds) whereas mammalian lipids contain more than two double 
bonds per molecule. The main groups of fatty acids can be saturated (SFA), mono­
unsaturated (MUFA) and polyunsaturated (PUFA). Fatty acid composition 
determines the physical properties, stability and nutritional value of lipids.
1.4.1.1. Saturated and polyunsaturated fatty acids in fish
The main saturated fatty acids in fish lipids are palmitic acid (16:0), followed by 
myristic acid (14:0). They represent about 90 % of the saturated acids in Baltic 
herring lipids. There is also a few percent of stearic acid (18:0) which is more 
plentiful in warmer water fish (Akman, 1994), and a small amount of 15:0, 17:0 and 
20:0 fatty acids present. Oleic acid [18:1 (n-9)] and palmitoleic acid [16:l(n-7)] are 
tbe most important MUFA in fish lipids. However oleic acid is three times greater 
than palmitoleic acid (Ashton et al., 2002).
The polyunsaturated fatty acids are usually long chain with an (n-3) configuration. 
The term n-3 or co-3 signifies that the first double bond exists as tbe third carbon- 
carbon bond from the terminal CH3 end (co) of tbe carbon chain (figure 1.8). PUFA in 
fish lipids are omega 3 fatty acids eicosapentaenoic acid 20:5 (n-3) (EPA) and 
docosahexaenoic acid 22:6 (n-3) (DHA), which are thought to be beneficial to human 
health and are associated with reduced risk of coronary vascular disease and 
atherosclerosis (Barlow, 1980; Dyerberg, 1978; Dyerberg and Jorgensen, 1982) 
(figure 1.6). Fatty fish such as mackerel (Scomber scombrus) contain about 70 % 
unsaturated fatty acids of which 30 % are PUFA with four to six double bonds 
(Ackman and Eaton, 1971; Ackman, 1989).
COOH
EPA
" Y /  Y /  Y /^ c o o h  
= /Y = /Y = /Y
14 17 20 CH3
DHA
Figure 1.6. Chemical structures for EPA and DHA.
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Small amounts (1 to 3 % FA) of docosapentaenoic acid 20:5 (n-3) (DPA) may also be 
present in fish flesh. Fish lipids also include various types of (n-6 ) PUFA such as 
16:2 (n-6 ), 18:2 (n-6 ), 20:3 (n-6 ), 20:3 (n-6 ), 20:4 (n-6 ), 22:2 (n-6 ), 22:4 (n-6 ) and 
22:5 (n-6 ). Furthermore, unusual FA found in some fish includes furan FA and non- 
methylene-interrupted dienoic acids (NMI) (Ota etcil., 1994).
1.4.2. Lipid oxidation in fish
A high level of polyunsaturated fatty acids in fish results in the susceptibility to 
rancidity which leads to changes in the texture, flavour and odour as well as loss of 
nutritional value. Nevertheless, the extent of changes depends on the degree of 
saturation of the lipid fraction and storage conditions such as temperature, light 
exposure and water activity (Aw) of the food product (Barja, 2002).
Other lipid type substances such as tocopherols and carotenoid pigments are also 
associated with autoxidative reactions in fish tissue. These may be included to control 
oxidative rancidity or may be oxidized themselves or co-oxidized with lipids (Labuza, 
1971).
I.4.2.I. Non-enzymatic lipid oxidation
Haem proteins and free iron ions play a vital role in non-enzymatic lipid oxidation. 
Free iron ion can take part in electron transfer reactions with molecular oxygen and 
hence remove the spin restriction imposed on the unpromoted reaction (reaction a).
Fe2+0 2 -> [Fe -  0 2]2+ -+ O f..................(a)
Of + H + -+HOO'................................... (b)
2HOO' -+ H20 2....................................... (c)
These processes need reactive species such as the hydroxyl radical. The superoxide 
(Of )  or hydrogen peroxide ( H 20 2) are insufficiently reactive to cause lipid oxidation 
directly. Superoxides can participate to form hydrogen peroxide (reaction b and c)
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which reacts with iron to form complexes via the Fenton-Haber-Weiss reaction 
(reaction d).
Fe2+ + H 20 2 -> Fe3+ + HO' + HO~ (d)
There is another role for iron in lipid oxidation. It can cause the decomposition of 
lipid hydroperoxides (reaction e) which may lead to lipid-protein interaction.
Fe2+ + LOOH -> Fe2+ + LOO' + HO~ (e)
In oily fish haem protein especially myoglobin and blood haemoglobin provide an 
abundant source of iron. Intact haem proteins are not true initiators but may catalyse 
the propagation step by the haemolytic scission of hydroperoxide group of the lipids. 
However H20 2 can activate haem proteins, consequently they become true initiators. 
Here, H 20 2 is thought to activate the prosthetic ferric haem group to a higher redox
state (P + -F e ‘u = 0 )  that can then attack a lipid as a true initiator (Kanner et al., 
1987). The ferryl isoform is able to abstract H from the methylene group in a poly 
unsaturated fatty acid to form a lipid free radical which is stabilized by resonance. 
The free radical combines with oxygen to form an hydroperoxide radical. The 
hydroperoxide radical can attack another lipid molecule to produce lipid 
hydroperoxides (LOOH), thus propagating the cycle of oxidative damage.
L H -+ V  + H m
v  +o2 -+ l o ;
L 02 + LH —» LOOH + V
In this case, the peroxide free radical occurs at many points in the fatty acid chain.
The free radicals produced from lipids can combine with each other and end the chain 
reaction.
Lm+V -> L -L  
nL02 —> (L 02)n
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Hydroperoxides (ROOH) are the most important initial reaction products, obtained 
from the lipid oxidation process. They are also very unstable and they undergo 
cleavage giving secondary carbonyl compounds, mainly aldehydes (Halliwell and 
Gutteridge, 1990) as well as ketones and lactones which are toxic (Halliwell and 
Gutteridge, 1995).
Generally the length of the propagation chain depends on many factors including the 
lipid-protein ratio in the membrane (the chance of a radical reacting with a membrane 
protein will increase as the protein content of the membrane rises); fatty acid 
composition; oxygen concentration and tbe presence within tbe membrane of chain- 
breaking antioxidants which interrupt the chain reaction by providing an easily- 
donatable hydrogen for abstraction by the peroxyl radical (Halliwell and Chirico, 
1993).
1.4.2.2. Enzymatic lipid oxidation
In raw fish, there is the potential for lipid oxidation to be catalysed by one or more 
enzymes (German and Crevelling, 1990; Kanner and Kinsella, 1983) in particular; 
peroxidases, lipoxygenases and cytochrome P-450 catalyse the formation of highly 
reactive hydroperoxides which can propagate the lipid oxidative chain reaction, 
especially on storage at high temperature leading to secondary lipid oxidation adducts.
Among many enzymes in fish muscle, lipoxygenase (LOX) and cyclooxygenase 
(COX) are considered to be the most important. These are located in tbe skin tissues 
of fatty fish species such as herring and sardine. They directly introduce oxygen to 
tbe fatty acid moiety. In the first type of oxidation, the enzymes are involved in 
reducing iron complexes (e.g haem protein) which can react with hydrogen peroxide 
producing hydroxyl radicals which are capable of oxidizing lipid; these types involve 
microsomal lipid oxidation enzymes (Bremner 2003).
LOX activity has been investigated in tissues of different fish species (German and 
Creveling, 1985). The activity of LOX is dependent on many factors such as fish 
species, temperature and substrates. LOX was observed to be active in chilled fish 
after 48 h of storage (Medina et al., 1999a). An increase in LOX activity has been
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reported after 3 weeks storage of herring at -20 °C. However, during prolonged 
frozen storage of herring a decrease in LOX activity was reported. Moreover, there is 
correlation between the activity of LOX and the type of substrate. For instance, 
mackerel muscle LOX showed highest activity with DHA followed by linoleic acid 
(Harris and Tall, 1994) whereas rainbow trout gills showed equal preference for 
oxygenation of DHA and arachidonic acid (German and Kinsella, 1986). This 
indicates that LOX activity may vary with species or even with tissues.
Lipoxygenase includes in its active centre, an iron atom that is present in the 
nonactive state of the enzyme as Fe2+ (de Groot et al., 1975; Percival, 1991). After 
the enzyme is activated, the iron ion is oxidized to Fe3+. At this stage, the active 
centre reacts with PUFA by abstraction of a hydrogen atom from an activated CH2 
group generating a radical. The hydrogen radical is transformed to a proton by 
removal of an electron whereas (Fe3+) is reduced to (Fe2+). The lipid radical (Lm) 
reacts with oxygen to form a peroxy radical (LOO' ) (de Groot et a l , 1975) which is 
ultimately transformed to a peroxyl anion (LOO~) by the uptake of an electron from 
(Fe3+) and then combines with the earlier generated proton to lipid hydroperoxide 
(LOOH) (figure 1.7).
Most LOX and COX enzymes have a strong preference for free fatty acids (FFAs). 
LOX enzymes stereospecifically induce one molecule of oxygen at a position on 
unsaturated fatty acids while COX induces two molecules of oxygen.
The enzyme cytochrome P-450 has also been implicated in the induction of lipid 
oxidation. It is postulated that two electrons are transferred from NADPH via 
NADPH-cytochrome-c-reductase to cytochrome P-450. The P-450 reductase enzyme 
can also donate electrons to some Fe3+ -complexes and hence generate Fe2+ that 
stimulates oxidation. There are many factors that influence the cytochrome P-450 
system in fish; i.e. sex, maturation, age, lipid composition of membranes, accessibility 
to co-factors, xenobiotics, nutrition, temperature and seasonal variations 
(Ingemansson, 1990).
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Figure 1.7. Enzymatic generation of lipid hydroperoxides (Spiteller, 2003).
Enzymatic peroxidation is more specific and more complicated than the formation of 
non-enzymic hydroperoxides explained above, and hydroperoxide products may 
interact further with the enzyme. The complex which is formed by LOX is capable of 
initiating the oxidation of lipids and other compounds such as carotenoids, 
chlorophyll, tocopherols, thiol compounds and protein which also interact with the 
enzyme-substrate complex (Hammar, 1993; Hultin, 1994).
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1.4.3. Mechanism of secondary products formation
The first step to form aldehydes includes the degradation of a fatty acid and formation 
of hydroperoxides followed by (3- cleavage (chain cleavage at C-C position adjacent 
to the hydroperoxy group) (Esterbauer, 1993b). The p~ cleavage of lipid alkoxy 
radicals of 15- or 13-hydroperoxides derived from the n- 6  PUFA linoleic (18:2), 
linolenic (18:3) and arachidonic (20:4) acids, forms hexanal, malonaldehyde and 4- 
hydroxynonenal as major aldehydes beside minor products 4-hydroperoxynonenal and 
4,5-dihydroxydecenal. The aldehydes generated depend on the structure of the parent 
PUFA. co -3-PUFA (22:6) (figure 1.8) yield 4-hydroxyheptanal (Esterbauer and 
Cheeseman, 1990b; Frankel, 1982). HNE can be produced from various PUFA 
(Esterbauer et al., 1993a). There are two suggestions for the mechanisms of formation 
of HNE from co-6 PUFA (Pryor and Porter, 1990). MDA can be derived from 
enzymatic oxygenation of arachidonic acid as a side product (Mandei 1988), or as an 
end product of autoxidation of polyunsaturated fatty acids (Esterbauer, 1993b) (figure
1.9).
co Carbon atom at distal 
end o f carbon chain
^  1CH3
2CH
2
3 C — H
co3 Double bond II
C — H
(CH2) n 
COOH
Figure 1.8. Structure of an oo- 3 fatty acid
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Figure 1.9. Possible mechanism of formation of malondialdehyde (MDA) 
(Esterbauer e t  al., 1993a).
1.5. Lipid -protein  interaction in fish
The interactions between protein and lipid take place during freezing and frozen 
storage and lead to a change in food texture, decrease in protein solubility (formation 
of cross-linked proteins), colour, changes in nutritive value (loss essential amino 
acids), and physical-chemical properties and functions of protein.
Lipid-protein interaction causes considerable changes in some functional properties 
and in the texture of fish muscle during freezing and frozen storage (Kolakowska et 
a l ,  1992; Koning and Mol, 1991; Badii and Howell, 2001; Saeed and Howell, 2002). 
Lipid hydroperoxides are unstable especially in the presence of water (Kourimska et
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al., 1993). Radicals formed in the process can react both with lipids and proteins and 
both reactions start at the same time (Saeed et al., 1999a; Soyer and Hultin, 2000). In 
addition, Saeed. et a/., (1999b, 2006) proved the lipid free radicals can be transferred 
to protein and the resultant protein radicals undergo aggregation and ultimately lead to 
protein denaturation and texture changes.
There are two basic mechanisms for protein-lipid interaction as suggested by Scbaicb 
and Karel (1975). The first mechanism (a) includes protein amino condensation 
reactions. Carbonyl adducts such as aldehydes, which results from autoxidation of 
unsaturated fatty acid, condense with protein-free NH2 groups in amino acids via a 
Schiff base reaction forming imine products, which can provide brown polymers by 
repeated aldol condensation (figure 1 .1 0 ) tbat can change protein functionality in fish 
and meat protein (Esterbauer and Cheeseman, 1990; Shenouda, 1980).
R1—  CH2— CHO +  H2N— R
v
V
R1 - C H — C H = N  R“ 
R2— CHO
R— H2N
R1
I
0 H 9 a
R1
IR2— C H = C = N  R R2— C H = C  C H = Q
polymer (brown color)
Figure 1.10. Mechanism of protein lipid-interaction (a).
20
For example, malonaldehyde (Nair et al., 1986) which is generated during lipid 
peroxidation can crosslink proteins through a Schiff base reaction with s  -  NH2 group 
of lysine:
The second mechanism includes the reaction of proteins with lipid oxidation products 
(lipid free radicals, hydroperoxides and volatile secondary products) which results in 
the formation of protein-centred free radicals. In this step H is abstracted from PH 
(protein), preferentially from the amino acids Trp, Lys, Tyr, Arg, His, cysteine and 
cystine where the phenolic HO-, S, and N-containing groups react (bi). After that, 
protein free radicals combine proteins to form cross-linked protein aggregate (b2) 
(figure 1.11). Protein aggregation is responsible for the decrease in protein solubility 
during frozen storage.
R O '+ P H   *-ROH +  p" (b,)
2P--------------------- P— P (b2)
Figure 1.11. Mechanism of protein lipid-interaction (b).
Different analytical methods have been applied to determine quality changes in frozen 
fish proteins. ESR and fluorescence spectroscopy provided evidence for the transfer 
of free radicals from the oxidised lipid to the amino acid or protein to form C and S 
centred protein radicals, followed by protein cross-linking (Saeed et al., 1999b; Saeed 
et al., 2006).
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1.6. Measuring lipid oxidation
Lipid oxidation plays a vital role in the loss of the food quality. Lipid oxidation can 
be initiated and promoted by many mechanisms and hence many undesirable products 
can be formed. The selection of only a single test to monitor peroxidation can give 
misleading results. In order to investigate the lipid peroxidation in biological 
materials, it is necessary to apply many specific tests that give in-depth chemical 
information about the products formed.
Lipid oxidation can be followed by measuring the increase in hydroperoxides 
(peroxide value) (Chapman and Mackay, 1949) and by determining the production of 
thiobarbituric acid reactive substances (TBARS) mainly malondialdehyde. However 
the TBARS method can also be used for the detection of other aldehydes. Recent 
advances include the use of HPLC to measure peroxides (Frei et al., 1991), cytotoxic 
aldehydes (Esterbauer, 1991) and hydroxides (Saeed and Howell, 1999a). In addition, 
gas chromatography can be used to assess hexanal (Frankel et a l , 1989) and LC-MS 
provides a precise method to identify adducts.
1.6.1. Peroxide value
Since hydroperoxides are produced in the early stages of lipid oxidation, the peroxide 
value can be an indicator of the extent of oxidation. Many analytical procedures for 
the measurement of peroxide value have been used. The iodometric method is based 
on the titration of liberated iodine ( / 2) that is produced by the reaction of the
hydroperoxides present in oil with iodide ( /" )  (Rossel, 1994). Firstly, iodide reacts 
with hydroperoxide which subsequently reacts with thiosulphate (a & b).
+
ROOH+ 2H + 21 *  ROH+ l2+ h 2o (a)
(b )
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The contents of hydroperoxides in the sample are expressed in terms of 
milliequivalent of oxygen per kilogram of fat.
1.6.2. Thiobarbituric acid reactive substances (TBARS)
TBARS are usually used as an indicator of lipid oxidation, mainly in meat and fish 
products and are isolated from the product by extraction or by a distillation procedure. 
In the direct extraction method the sample is mixed with the TBA solution followed 
by filtration of the extract and then the solution is boiled for 90 min to produce a 
coloured complex.
Thiobarbutric acid reacts with malondialdehyde to give a red chromogen that is 
assessed by HPLC or by spectrometry at 532-535 mn. However, this assay is not 
specific for MDA and reaction with a wide variety of other products may contribute to 
the increase in the absorbance. For example 2,4 alkadienals; amino acids, oxidized 
proteins, Maillard browning products, urea and sugars also form a red chromogen 
(Esterbauer and Cheeseman, 1990b; Esterbauer, 1991; Guillen-Sans and Guzman- 
Chozas, 1998).
To improve specificity and to quantify the exact amount of the thiobarbituric acid 
reactive substances (TBARS) formed in various model systems and biological 
samples, different HPLC and GC/MS separation methods have been developed and 
introduced in recent years. These direct determination procedures of TBARS or 
MDA, takes advantage of tbe simple UV-absorption methods (Cordis, 1994; Jardine 
et al., 2 0 0 2 ).
1.6.3. High performance liquid chromatography (HPLC)
HPLC is a useful analytical technique that can be used to measure the levels of lipid 
peroxidation in tissues and can give the most reliable assessment of lipid peroxidation 
rate. HPLC separation followed by UV detection has been used to detect primary 
peroxidation products (Borgeat et al., 1982; Nunez et al., 2001; Saeed and Howell, 
1999a). Secondary lipid oxidation which results from degradation of primary product
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can be also measured readily by gas chromatography (Spiteller, 2003; Tsaknis et al., 
1999).
The theory of HPLC is based on the partition of the sample between a liquid mobile 
and liquid stationary phase. There are many factors which govern the efficiency of 
HPLC. Temperature changes lead to considerable alteration of retention times and 
therfore a constant column temperature should be maintained. The shape of the peak 
in the HPLC chromatogram is governed by kinetic parameters. As the sample passes 
down the column its components diffuse to form Gaussian peaks under ideal 
conditions. The peak width is expressed in units of time. HPLC does not determine 
structures but rather suggests compounds that behave in the same manner 
chromatographically under specified conditions.
1.6.4. Liquid chromatography- mass spectrometry (LC- MS)
Liquid chromatography-Mass spectroscopy (LC-MS) is a powerful and useful 
analytical technique providing information about the structure and composition of a 
compound. LC combined with ESI-MS has become a standard approach for the 
separation and identification of many macromolecules like protein and fatty acids 
(Sajiki and Yonekubo, 2002; Moldovan et al., 2002), DNA oxidation products 
(Watson et al., 2003), flavonoids and polymeric polyphenols in tea (Bailey and 
Nursten, 1994; Miketova et al., 1998; Pelillo et al., 2002) due to its selectivity and 
sensitivity for investigating unknown compounds. In addition, LC-MS has been used 
for characterization of triacylglycerols (TAGs) region-isomers in fats and vegetable 
oils (Fauconnot et al., 2004; Kalo et al., 2003; Kurvinen et al, 2001). It is used to 
identify oxidation products of polyunsaturated fatty acids particularly hydroxy 
products (Yamane, 2002). Electrospray ionization has facilitated the direct analysis 
of glycerophospholipids while they elute from a liquid chromatograph (LC) in the 
LC/MS experiment (Kerwin et al, 1994; Harrison and Murphy, 1995).
The theory of LC-MS is based on the separation of compounds by an LC column 
followed by ms that produces ions that are subsequently filtered according to their 
mass-to-charge (rn/z) ratio and then detected (Niessen and Van der Greef, 1992). To
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achieve this target, two ionization modes have been used in current commercial 
instruments which are electrospray ionization and atmospheric pressure chemical 
ionization. In an electrospray interface, the eluent from LC passes through a capillary 
held at a high voltage generating an aerosol of charged droplets. Nitrogen gas flow is 
usually used to desolvate the droplets, leading to increase in the charge density at the 
droplet surface. Therefore, the ions overcome the liquid’s surface tension and attain 
the gas phase in a process commonly referred to ion evaporation. In contrast, in APCI 
(atmospheric pressure chemical ionization) the eluent from LC is nebulized through a 
capillary in a similar way, but instead of using high voltage the discharge pin is placed 
in the ion source. Therefore the ions which are highly charged can be directly 
sampled into the mass spectrometer.
Several ionization methods exist, the soft ionization methods is the most commonly 
used such as electrospray ionization (ESI) and atmospheric pressure -  chemical 
ionization (APCI). The principles of mass detection can also vary, with the most 
common instruments being triple quadrupole, (quadmpole) ion trap, (quadrupole) 
time of flight mass spectrometers (de Hoffmann and Stroobant, 2001). Figure (1.12) 
describes the simple diagram for LC-MS.
From
LC
Ion
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Q1 q2
Collision cell
Q3 detector
Figure. 1.12. Illustration of a triple quadrupole MS instrument (LC-MS/MS) 
showing a collision cell q2 between quadrupole mass filters (Ql, Q3).
The quadmpole allows only ions of interest to pass through to the detector which can 
reduce chemical noise leading to higher mass spectral sensitivity and selectivity.
The first quadmpole (Ql) acts as a mass filter to select a single mass/charge ion from 
the ion source. The selected ion undergoes fragmentation in the collision cell and is 
sent directly to the third quadmpole (Q3), which operates, in a linear scanning mode
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to produce a mass spectrum of the fragmented ions. Thus LC-MS provides an 
important sensitive tool which can be applied in many fields especially biochemistry.
1.7. Cytotoxicity effects of oxidized lipids
1.7.1. Programmed cell death or apoptosis
Programmed cell death is a rapid process (from a few minutes to a few hours) (Green, 
2005). It is a cellular reaction to cellular damage induced by UV light, toxic 
chemicals, physical damage or a viral infection. Two ways of cell death have been 
identified: necrosis and apoptosis, which can be distinguished by many morphological 
and biochemical aspects. Necrosis is considered as a ‘disordered’ cellular death. 
During necrosis, cells swell up and lysis of their cell membrane leads to the release of 
cytoplasmic contents in the surrounding medium. In contrast, apoptosis is regarded 
as ‘ordered’ cellular death, proceeding through various phases (Matsura et a l , 2005; 
Youle and Karbowski, 2005). An apoptotic cell shrinks, forms blebs, and detaches 
from its neighbours; the mitochondria undergo many modifications including release 
of cytochrome c in tbe cytoplasm, reduction in tbe membrane potential and 
deterioration of tbe membrane permeability with opening of specialized pores and 
diffusion of diverse proapoptotic proteins. In tbe nucleus, the chromatin condenses at 
tbe nuclear membrane. Finally, the cell splits into apoptotic bodies with tbe 
activation of caspases, the effectors of cell suicide (Green et a l , 2003) (Figure 1.13).
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Figure 1.13. Characterization of apoptosis (cell programmed death). Adapted 
from http://www-micro.msb.le.ac.uk.
1.7.2. Caspases
There are three types of peptidases: serine, cysteine and aspartyl peptidases. In the 
case of cysteine peptidases, the residue cysteine is the amino acid, which catalyses the 
reaction of peptide bond hydrolysis, with the assistance of other amino acids 
(generally histidine (H or His-) and aspartyl (Asp), favouring bridging of the cysteine 
thiol group (SH) with the peptide bond. Apotosis is mediated by a particular group of 
cysteine peptidases called caspases with a strict specificity of cleavage after an 
aspartic acid residue (Asp) (Cain et al., 2002). The first letter (c) of the name caspase 
stands for the cysteine of the active site; asp defines the strict specificity of cleavage 
after an aspartic acid residue and ase is the suffix common to all enzymes.
1.7.2.1. Structure of the caspases
Activated caspases contain dimers of a large (<p20 ) and a small (<plO) subunit that, 
together, form the active site of the enzyme. Based on structure, caspases can be 
divided into two groups (figure 1.14). The first group consists of a long prodomain at 
the N-terminus that contains caspase 8 , caspase 9 and caspase 10 and functions as
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initiator of the cell death process. The second group includes caspase 3, caspase 6  
and caspase 7; have a short prodomain and work as effectors, cleaving various death 
substrates that ultimately cause the morphological and biochemical changes seen in 
apoptotic cells. The other effector molecule in apoptosis is Apaf-1 (apoptotic protease 
activating factor) and other regulators of apoptosis are the Bcl-2 family members. 
There arc many reviews that have been published on the structure and function of 
caspases (Nicholson, 1999; Hengartner, 2000; Eamshaw, 1999). Among them the 
caspascs-2, -3, - 6  to -10 sub-family seem to be the caspases most directly involved in 
cell death (Nicholson, 1999). Although numerous reports have discussed the role of 
caspase activity in apoptotic cell death, there arc some instances that explain that 
nuclear changes can occur independently of caspase activity. In addition, evidence 
indicates that chromatin condensation and DNA fragmentation are controlled 
separately and depend on persistent energy supply in vivo (Robertson et al., 2002).
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Figure' 1.14. Basic structure of caspase (Abraham and Shaham, 2004).
Apoptotic programs can be divided into intrinsic and extrinsic pathways. In the 
intrinsic pathway, mitochondria arc the central elements of the process (Mohamad et 
al., 2005) where in the presence of dATP apoptosomcs arc capable of cleaving, 
activating, and releasing caspase-9 (Acehan et al., 2002). The intrinsic pathway is 
initiated by ionizing radiation, chemotherapeutic drugs and toxic chemical compounds 
while the extrinsic pathway that occurs by activation of caspases 8  and 1 0 , is mainly 
initiated in response to ligation of transmcmbranc, cell surface receptors belonging to 
the tumour necrosis factor receptor 1 (TNFRl) family. All pathways arc thought to 
converge on the activation of the executioner caspases 3 and 7 (Figure 1.15).
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Figure 1.15. Apoptosis pathways.
1.7.2.2. Mechanisms of caspase activation
Caspases are synthesized as proenzymes that are activated through cleavage at an 
internal aspartate residue by other caspases (Figure 1.15). Caspase activation 
generally occurs by cleavage at a specific motif between the large and small subunits, 
whereas most non-caspase proteases are activated by removal of the inhibitory 
prodomain (Stennicke and Salvesen, 1999). One of the mechanisms for activating 
caspases is noncovalent association with caspase activating proteins (e.g. Apaf-1), 
leading to the release of cytochrome c from mitochondria. After that, cytochrome c 
directly binds to Apaf-1 in a dATP (or possibly ATP) resulting in a conformational 
change that allows caspase-9 to join the complex, which has been termed the 
‘apoptosome’ (Li et al., 1997). The structural changes following caspase-9 binding 
result in its enzymatic activation via a mechanism that requires ATP hydrolysis. 
Therefore, activated caspase-9 can proteolytically activate other caspases (including 
3, 6 , and 7) (Cohen, 1997) (Figure 1.16).
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Figure 1.16. Major pathways of caspase activation (Saraste and Pulkki, 2000).
1.7,3. Methods of apoptosis detection
MTT (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 
2H-tetrazolium) or LDH (lactate dehydrogenase) are reliable assays that are widely 
used to assess cell availability. The MTT method is based on the conversion of the 
tetrazolium salt into coloured water soluble formazan, produced by mitochondrial 
activity of viable cells at 37°C (Figure 1.17 ). The amount of formazan produced by 
dehydrogenase is directly proportional to the number of living cells in the culture and 
can be measured at 490 nm (Mosmann, 1983). While LDH is a cytoplasmic enzyme 
found in all cells, it is released quickly as a result of plasma membrane damage and 
correlated with the amount of lysed cells (Tipton et a l , 2003).
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Figure 1.17. The insoluble formazan products produced by mitochondria 
activity of viable cells.
Several techniques are available to identify this form of cell death in vitro. A common 
method to detect cells undergoing apoptosis is based on cell morphology using 
transmission electron microscopy (TEM) to detect chromatin condensation, cellular 
shrinkage and apoptotic body formation. Recently, other methods provide for 
apoptosis detection such as deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin 
nick end-labeling (TUNEL) method (Gavrieli et al, 1992), electrophoresis using 
extracted DNA, staining methods using fluorescence dyes and flow cytometry. 
Fluorescence dyes such as bis-benzimide dye (Hoechst 33258) and propidium iodide 
(PI) bind to DNA to provide an image of chromatin condensation by fluorescence 
microscopy. Hoechst stains all nuclei and PI stains only nuclei of cells with disrupted 
membrane integrity. Hoechst positive fragmented nuclei indicate early stage of 
apoptotic cells.
Western blotting is also very useful for the detection of apoptosis. This technique is 
based on the separation of the cell proteins using SDS-PAGE and transfer of protein 
electrophoretically from the gel to nitrocellulose membrane followed by incubation 
with antibodies. Primary (polyclonal or monoclonal) antibodies react specifically 
with antigenic epitopes presented by target proteins attached to the support 
membrane. Secondary antibody conjugated with horseradish peroxidase (HRP) or 
alkaline phosphatase is then applied and bound to primary antibody-antigen complex. 
Luminescent substrates are then used to visualize the bound components. Cleavage 
site-directed antibodies to caspase-3 detect its active form and indicate that 
programmed cell death is taking place (Urase et al, 1998).
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1.8. Antioxidants
1.8.1. Synthetic antioxidants
Antioxidants have the ability to inactivate free radicals via reduction, combination, or 
dispropagation reactions. Decomposition of LOOH leads to the other form of free 
radical which can be retarded or inhibited by radical scavengers. There are two types 
of antioxidants that have been widely used, natural antioxidants such as vitamin C and 
E and plant polyphenols; and synthetic antioxidants such as butylated hydroxyanisol 
(BHA), and butylated hydroxytoluene (BHT) (figure 1.18). Butylated hydroxyanisol 
(BHA) has good stability in animal fat and vegetable oils and is a veiy effective 
antioxidant for animal fats. However, many factors should be considered when using 
synthetic antioxidants including the fact that antioxidants should not be toxic and they 
must be highly active at low concentrations (Madhavi and Salunkhe, 1995). Recent 
safety concerns about BHT and BHA have led to a move by food manufactures to use 
natural antioxidants (Houlihan and Ho, 1985; Medina et a l , 1999b; Ramanathan,
1992).
CH3
Butylated Hydroxytoluene (BHT)
QH QH
OMe OMe
Butylated Hydroxyanisole (BHA)
Figure 1.18. Chemical structure of synthetic antioxidants.
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1.8.2. Natural antioxidants
Vitamin E (tocopherol), Vitamin C (ascorbic acid) and polyphenols are examples of 
relatively small molecule natural antioxidants, which protect membrane lipids from 
oxidative damage (Saeed and Howell, 2002; Saeed and Howell, 2004; Howell, 2006) 
(figure 1.19).
Vitam in C Vitam in E
Figure 1.19. Chemical structures of vitamin C and E.
The primary dietary sources of vitamin E are vegetable oils; secondary sources 
involve liver, eggs, fruits and vegetables. Vitamin E activity is related to the 
antioxidative properties of a-tocopherol that retard the formation of hydroperoxides; 
prevent rearrangement of cis, trans peroxyl radicals to trans, trans isomers (Porter et 
al., 1995); prevent peroxide decomposition (Makinen and Hopia, 2002), and prevent 
the |3-scission of alkoxyl radicals (Frankel, 1998). In addition, polyphenol 
compounds are considered as the primary antioxidants, which can react with free 
radicals by the generation of a highly stabilized phenoxy radical. The phenyl radical 
can be regenerated by gaining an electron from an electron donor like Fe (II) to 
produce a phenoxy anion (figure 1 .2 0 ).
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Figure 1.20. The action of phenols as scavengers of radicals.
Figure 1.21. Plant phenols trap radicals by formation of lignans, precursor of 
lignin.
Although, antioxidants can control lipid oxidation, it has been reported that 
antioxidants can increase lipid peroxidation (LPO) due to regeneration of 
hydroperoxide (figure 1 .2 2 ).
OH
+  LOO'
O*
+  LOOH
Figure. 1.22. Regeneration of hydroperoxides by reaction with phenol.
Natural phenolic compounds proved to be effective in preventing rancidity of many 
lipid systems, in particular fish oils (Medina et al., 1999b; Ramanathan, 1992), 
minced muscle (Fagbenro and Jauncey, 1994; Ikawa, 1998) and fillets (Badii and 
Howell, 2002b). Among many natural antioxidants, green tea has drawn significant 
attention due to its effective inhibition of oxidation as well as reports suggesting 
anticarcinogenic activity.
The biological and chemical properties of tea are related to the polyphenols content; 
about 33 % of the dry weight of green tea comprises polyphenolic compounds 
(Wiseman et al., 1997). The effect of tea polyphenols results from their ability to 
scavenge reactive oxygen species, chelate metals and modulate specific enzymic 
reactions (Ramos-Nino 1999). Green tea leaves contain six major catechins: (+)- 
catechin (C) , (-)-epicatechin (EC), (-)- gallocatechin (GC), (-)-epicatechin gallate 
(EGC), (-)- epigallocatechin (ECG), (-)-epigallocatechin gallate (EGCG) (Ninomiya 
et al., 1997) figure (1.23). Compared with alpha tocopherol, catechins are highly 
effective as antioxidants when they are mixed with cooked meat and fish products 
(Tang et al., 2001b; Tang et al., 2001a; Tang et al., 2002) due to protection or 
regeneration of alpha tocopherol which already exists in meat or fish muscles. 
Moreover, green tea extracts are more effective as antioxidants than rosemary 
extracts, in canola oil, pork lard and chicken fat heated to 100 °C (Chen et al., 1998).
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OH
OH
OH
(+) - cate chin [CJ
OH
(-)  -  epicatechin [E C ]
OH
■OH
■ O H
OH
OH
HO
HO
OH
(-) - epignllocatcchin [EGO]
OH
(-) - cpigallocatccliin gatlnte [EGCG]
OH
OH
(+) - gallocatechiii [GO] (-) - gallocntechin gallate [GCG]
Figure 1.23. Chemical structures of tea catechins.
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It has been reported that antioxidants may not be active in all foods. The efficacy of 
antioxidants depends on many factors such as mixing ability and activity in different 
lipid systems and stability over time of processing (Giese, 1996; Houlihan and Ho, 
1985). High concentration of antioxidants can have a prooxidant effect (Frankel, 
1998; Honglian and Etsuo, 2001) .
The aims and objectives of the study are
• To assess the primary and secondary lipid peroxidation products formed 
during frozen storage of mackerel in the presence and absence of 
antioxidants (green tea).
• To assess structural and physicochemical changes in the proteins in intact 
mackerel muscle.
• To study the interaction between secondary lipid oxidation products and 
proteins and its effect on food texture and nutritional properties.
• To analyse the effects of natural antioxidants on delaying lipid oxidation in 
food.
• To investigate the cytotoxicity effect of oxidized lipid in colon cancer 
cultured cells.
• To study the effect of tea antioxidants on reducing lipid oxidation and 
cytotoxicity in caco- 2  cells.
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C H A P T E R  T W O
2. CHEMICAL COMPOSITION OF ATLANTIC 
MACKEREL {SCOMBER SCOMBRUS)
2.1. INTRODUCTION
Atlantic mackerel (Scomber scombrus) (Saeed and Howell, 2001) is a pelagic or fatty 
species found on both sides of the North Atlantic; in the Northwest Atlantic it occurs 
from Labrador to North Carolina. The size of mackerel is between 180 to 210 cm in 
length and between 325 to 360 g in body weight. The main chemical constituents of 
fish are water (66-84 %), proteins (15-25 %), lipids (0.1-22 %), minerals (0.8-2 %), a 
low quantity (0.3 %) of carbohydrates (glycogen) and vitamins (Kolakowska, 2002). 
The amount of components varies with species and age, sex, environment and season. 
Mackerel is considered to be migratory and therefore has a large proportion of dark 
muscle which is primarily associated with aerobic type of energy metabolism. Table
2.1 illustrates the chemical composition of whole Atlantic Mackerel and table 2.2 
shows the lipid content of white and dark muscle.
g/lOOg fish
Water 63.5
Protein 18.6
Total lipid 13.9
Ash 1.4
Table 2.1: The chemical composition of Atlantic mackerel muscle (USDA 
Nutrient Database for standard references release 13 (November 1999). Adapted 
from http://www.touchmoon .com/dotters/raw/mackerel.html.
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WHITE
MUSCLE
DARK MUSCLE
Total lipids
% Wet tissue 2.3 13.1
% Total lipids
Phospholipids 24.0 19.0
Triglycerides 70.9 76.8
% Wet tissue
Phospholipids 0 . 6 2.5
Triglycerides 1 . 6 1 0 . 1
Table 2.2. The lipid content of white and dark muscle of horse mackerel (Love, 
1988).
2.2. MATERIALS AND METHODS
2.2.1. Materials
Atlantic mackerel (Scomber scombrus) fillets were supplied by M & J Seafood, 
Famham, UK and delivered in ice to the laboratory. Kjeldhal catalyst, hydrogen 
peroxide, glycerol and glycine were obtained from BDH Laboratories, UK. Sodium 
chloride, sodium acetate, sodium hydrogen carbonate, protein standards, p- 
mercaptoethanol (ME), Coomassie blue R-250 and sodium in methanol were all 
purchased from Sigma-Aldrich Company Ltd, Dorset, UK. Methyl tetrabutyl ether 
(MTBE) was obtained from Varian Ltd, Surrey, UK. Standard fatty acids were 
supplied by Sigma- Aldrich /Supelco, UK.
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2.2.2.1. Determination of moisture content
A moisture dish was dried in an oven (100 °C) for 30 minutes, cooled in a desiccator 
and then weighed. Fish tissue (5 g) was transferred into the moisture dish and placed 
in an oven (100 °C) for 24 hours. After that the moisture dish was allowed to cool in 
a desiccator and weighed. The moisture (weight loss) was measured in triplicate.
% Moisture -  weight loss on drying at 100 °C x 1 Q 0
weight of sample
2.2.2.2. Kjeldahl method
The protein content of the fish sample was determined from the organic nitrogen 
content which was measured by the Kjeldahl procedure described (AOAC, 1995). 
This method involves two major steps: digestion of protein in heated, concentrated 
sulphuric acid, and determination of ammoniacal nitrogen. Crude protein was 
calculated from N x 6.25, where N is the nitrogen content.
The tissue samples (lg) were digested in 20 ml concentrated sulphuric acid (96%) 
with two selenium catalyst tablets (95.5 %Na2S04; 1.5 % CuS04; 2.0 %Se)  and 1 
Kg K2S04 by boiling the mixture in a Tecator Kjeltec apparatus for 2 hrs. Digestion 
of the tissue was indicated by the development of a clear solution. The tubes were 
allowed to cool down for 15 minutes. The nitrogen present in the system was 
converted into ammonia, in the form of ammonium sulphate during the process of 
digestion. The addition of excess sodium hydroxide 20 ml (0.5 M) released the 
ammonia by steam distillation in a Tecator distillation unit. The distillate was 
collected in 25 ml of boric acid (4 %, w/v) and titrated against standard 0.05 M 
hydrochloric acid using methylene red as an indicator. The percentage of nitrogen 
(N) and protein was calculated using the following equation:
^  n / 1 0 0  x (ml of titrant of sample - ml of titrant of blanks) x 0.0007
weight of sample (g)
2.2.2. Methods
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% P= NK
2.2.2.3. Lipid extraction
Lipid content was determined using the Soxhlet extraction method whereas lipids for 
other tests were obtained by the Bligh and Dyer method (Bligh and Dyer, 1959). 
Minced fish tissue samples (5 g) were weighed in triplicate into the thimble and a 
defatted cotton plug was put on the top of the sample. The thimbles were inserted 
into the condensers; each knob was moved to the boiling position. To six extraction 
cups were added boiling chips and 30 ml of the solvent (petroleum ether 60-80 °C). 
The samples were extracted by boiling for 3 hours after which the extraction mode 
knobs were moved to the rinsing position. After rinsing, the remaining solvent was 
collected in the condenser and evaporated. The thimbles and cups were dried and 
weighed. The weight of the lipid was determined by difference.
2 .2 .2 .4 . Derivation of fatty acid methyl esters (transesterification)
Transesterification was performed according to Saeed and Howell (1999a) and 
Schmarr (1996). Fish oil (100 mg) was weighed in a 10 ml glass fitted with a screw 
cap. Solution of internal standard in MTBE (5 pi) was added. For transesterification, 
2 ml sodium methylate diluted with MTBE, (4:6, v/v) was added and mixed by 
vortexing for about one minute. The mixture was incubated in a dark place for one 
hour. Subsequently 2 ml water and 5 ml chloroform were added and the glass vial was 
closed with a screw cap. This was followed by shaking the mixture thoroughly for 
one minute to extract the organic material and was allowed to stand at room 
temperature for five minutes. Subsequently the mixture was centrifuged for five 
minutes at 3000 x g to facilitate phase separation; the upper layer was discarded by a 
Pasteur pipette, whereas the lower organic phase was neutralised by the addition of 1 
% acetic acid (v/v in distilled water) and shaking, centrifugation and upper phase 
removal was undertaken as mentioned above. The remaining chloroform was then 
evaporated under a stream of OFN fitted with an oxygen and moisture trap. Finally 
the residue, fatty acid methyl esters was reconstituted in 1 0 0  pi of chloroform.
Where K is the factor for meat products and equal 6.25.
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2.2.2.5. Fatty acid composition assessed by gas chromatography
Chromatographic analysis was carried out using a Varian gas chromatograph, Series 
3600 (Varian, Inc. Corporate Headquarters, CA, USA), with a hydrogen flame 
ionisation detector using helium as a carrier gas. The carrier gas helium flow rate was 
approximately 1 ml/min. The sample injected was typically 1 pi, using a split 
injection system. The injector temperature was 250 °C, Column temperature was set 
initially at 150 °C, which reached 240 °C at 2 °C per minute. The detector 
temperature was also set at 250 °C. Standard reference fatty acids were also injected 
to identify the individual fatty acids. Identification of peaks was by comparison of 
relative retention times with those of authentic standards.
2.2 .2 .6 . Ash measurements
Fish muscle (6 ± lg) was weighed into silica dishes in triplicate. In order to remove 
the moisture the samples were heated on a hot plate for ten minutes followed by 
heating in a muffle furnace at 550 °C over night; the samples were transferred into a 
desiccator, cooled and weighed immediately. Ash content was calculated as follows:
Weight of ash (g) = (weight of silica dish with ash) -  (weight of silica dish)
2.2.2.7. Protein determination by the Bradford method
The concentration of protein in the fractions was measured by Bradford’s Coomassie 
blue method using bovine serum albumin as standard (Bardford, 1976). A fresh set of 
protein standards was prepared by diluting a 2  mg/ml stock bovine serum albumin 
(BSA) solution in distilled water to determine a protein standard concentration range 
of 0.125 to 1.5 mg/ml. Bradford reagent (3 ml) was added to 0.1 ml standard or fish 
protein sample and mixed well by vortexing for 20 sec. All assays were performed in 
triplicate. The absorbance was read at 595 nm using water as blank for standards 
whereas buffer solution was used for the sample. A standard curve was plotted using 
the standard absorbance against tbe appropriate concentration in mg/ml. Using tbe 
standard curve; the protein concentration was assessed for each protein sample.
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_ . concentration of undiluted protein solution (mg/ml) x supernatant volume (ml)Protein concentration =---------------------------------- - ------------------ tf-2—  ----- --------------------- -—-
weight of sample (g)
2.2.2.8. Protein extraction and determination
Water-soluble protein was extracted by using phosphate buffer (pH 7,5). 25 ml of 
phosphate puffer (50 mM, pH 7.5) was added to 10 g of minced mackerel and the 
mixture was homogenised for one minute at speed setting 5 at 4 °C to avoid any 
denaturation of protein, followed by centrifugation at 5000 x g for 5 min; the 
procedure was repeated twice. The supernatant was collected and defined as water 
soluble protein (fraction I). In order to extract salt soluble protein the pellet was 
extracted with 30 ml phosphate buffer (50 mM) containing 0.8 M NaCl, pH 7.5 and 
homogenised (Omni Mixer-CAMLAB) at 6000 rpm for 3 min, washed with 20 ml of 
the same solution and stored at 4 °C for 2 h prior to centrifugation at 5000 x g for 20 
min. The pellet was discarded and the supernatant (salt soluble protein) was collected 
and defined as salt soluble protein (fraction II). Both the water and salt-soluble 
protein fractions were analysed for protein content by the Bradford (1976) method 
and by Phast gel electrophoresis (Pharmacia).
2.2.2.9. SDS-PAG electrophoresis
Phast Gel homogenous 12.5 % gels containing less than 0.2 % acrylamide and the 
PhastGel SDS buffer strips were provided by Amersham Pharmacia Biosciences. 
Electrophoresis is one of the most widely used analytical techniques for the 
separation, identification, and characterization of proteins. The extracted proteins 
were characterised using a 12.5 % SDS-PAGE gel and 3 % stacking gel according to 
(Hames and Rickwood, 1983; Saeed and Howell, 2001).
Staining solution
Stock solution of dye: one Phast gel R tablet was dissolved in 80 ml distilled water 
and stirred for 1 0  minutes and then 1 2 0  ml of methanol was added to the solution and 
mixed for 2-3 min. After the solution had been filtered, it was added to 20 % acetic 
acid at 1 : 1  ratio (v/v).
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Destaining solution
Methanol (30 %), acetic acid (10 %) and distilled water were mixed at 3:1:6 ratios 
(v/v/v).
Preserving solution
Glycerol (10 %, v/v) was mixed with 10 % acetic acid at 1:1 ratio.
Sample buffer preparation
Distilled water 4.8 ml, Tris-HCl buffer, 0.5 M, pH 6 . 8  (1.2 ml), 10 % SDS (2.0), 
glycerol (lml) and 0.5 % bromophenol blue (0.5) were mixed well. The sample 
buffer was stored at 20 °C until required.
Sample preparation
100 pi of protein sample was dissolved in the sample buffer (100 pi). The mixture 
was boiled for 5 minutes and stored at 10 °C until analysis.
Sample application procedure
MilliQ water (70 pi) was used to clean the gel holder platform. A layer of MilliQ 
water (70 pi) was placed at the top of the platform. The gel was then applied slowly 
on the platform in order to avoid air bubbles, which can be trapped between platform 
and the gel. The buffer gels were put in both slots of the buffer holder at both end of 
the gel.
Sample application
An aliquot (2 pi) of sample or standard (2 pi) was applied on the sample applicator 
wells. A comb absorbs the sample and the standard which are transferred on to the 
gel. Gel electrophoresis was carried out at 100 volts until the loading dye was within 
2 mm the bottom of the gel. The gel was transferred to a staining chamber, and 
allowed to stain for 2 0  min.
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2.3. R E S U L T S  AN D D ISC U SSIO N
□  protein 
■  moisture
□ ash
□ lipid
73 .7%
Figure 2.1. The chemical composition of Atlantic mackerel muscle.
The proximate chemical composition of Atlantic mackerel is shown in figure 2.3 and 
table 2.3. The percentage of ash was 4.03 % and the proximate moisture was 73.7 % 
which was slightly high and is affected by seasonal variation (Ackman and Ratnayk, 
1992; Love, 1980; Love, 1988). Moisture is the environment where most biochemical 
reactions take place in the cells and has vital influence on the conformation and 
reactivity of proteins.
g/100 g fish
Protein % 20.0 ±0.51
Moisture % 73.7 ± 0.19
Ash % 4.0 ±0.20
Lipid % 2.4 ±0.36
Table 2.3. Proximate composition of Atlantic mackerel muscle. Values are mean 
of three samples ± standard deviation.
Proximate analysis of mackerel indicated a high protein content of about 20 %. The 
composition of myofibrillar protein or salt-soluble proteins and sarcoplasmic or
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water-soluble proteins extracted proteins from Atlantic Mackerel are listed in table
2.4.
Protein sample Concentration (mg/g fish)
Water soluble protein 22.6 ± 0.4
Salt soluble protein 48.2 ± 2.9
Table 2.4. Protein concentration of salt soluble and water soluble proteins 
evaluated by the Bradford method. The values are mean of three samples ± 
standard deviation.
The composition of myofibrillar proteins are presented in SDS-PAGE (figure 2.2). 
Lane 4 shows all the major bands of myofibrillar proteins involving myosin heavy 
chain MCH, actin, troponin T (Tn T), Tropomyosin Tm, myosin light chains LC1, 
LC2, LC3 and troponin C (Tn C).
2 0 5  K D
I I 7 K D
105 K D  
95  K D  
9 0  K D
75 K D  
66 K D  
4 5  K D  
4 0  K D  
3 6  K D
3 0  
14
1 2  3 4
Figure 2.2. SDS-PAGE electrophoretic profile of myofibrillar and sarcoplasmic 
proteins extracted from fresh Atlantic mackerel.
Lane 1 standard
Lane 2 sarcoplasmic protein from mackerel 
Lane 3 standard
Lane 4 myofibrillar protein from mackerel
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Lipids are vital components that contribute to the nutritional and sensory value of 
many foods. The content of lipids in the mackerel tissues (table 2.3) is 2.4 % which is 
lower compared with data in table 2.1. The level of lipid is affected by tbe fish 
species size, age, and sex, by the fishing period and many other biological factors and 
also by the type of tissue and location in the animal body (Sikorski and Kolakowska, 
1990). The lipids extracted from freshly obtained mackerel indicated low oxidation 
as measured by peroxide value levels (less than 3.8 mEq/g oil) and TBARS was 15.7 
mg MDA/ Kg.
Fatty acids are important constituents in fish and contribute to the nutritional and 
health benefits of fatty acids, especially regarding the relationship between the n- 3  
and n- 6  fatty acids and coronary diseases (Trautwein, 2001). They also influence 
juiciness, tenderness and aroma. Furthermore, fatty acid anions stabilise the protein 
structure of fish muscle and prevent the breaking of hydrogen bridges. They also 
make the proteins more stable against heat as well as freezer denaturation. Fatty acid 
analysis was carried out by using GC. Indarti et.al. (2005) revealed that due to its 
simplicity, rapidity and precision, the direct FAME synthesis is useful to evaluate the 
profile of fatty acid of oil from fishes. Fatty acids profiles are listed in table 2.5. 
Fatty acid identification was achieved comparing the GC sample chromatogram with 
standard chromatogram (Appendix 1) the values are given as weight percent of total 
fatty acid methyl esters. Only those fatty acids that were detected at a level of about 
1% or more of the total are given. Indeed, mackerel contains a high level of PUFA 
including EPA and DHA; these data coincide with previous published results 
(Ackman and Eaton, 1971; Leu et al, 1981).
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Peak Assignment % of total
Myristoleic acid 14:0 7.15 (±2.58)
Palmitic acid 16:0 14.85 (± 0.66)
Palmitoleic acid 16:l(n-7) 5.68 (± 0.56)
Stearic acid 18:0 3.9 (± 1.62)
Oleic acid 18:1 (n-9) 17.23 (±2.12)
Linoleic acid 18:2 (n-3) 2.10 (±0.91)
a- Linolenic acid 18:3 (n-3) 1.77 (±0.79)
Eicosaenoic acid 20:1 (n-9) 8.93 (± 0.82)
Octadecatetraenoic acid 18:4 (n-3) 3.83 (±0.51)
Behemic acid 2 2 : 0 1.01 (±0.31)
Erucic acid 22:1 (n-9) 14.98 (± 0.82)
EPAa 20:5 (n-3) 4.89 (± 1.38)
DHAb 22:6 (n-3) 14.66 (± 1.21)
Sum of saturates 26.91
Sum of monoenes 46.82
Sum of polyenes 23.43
Table 2.5: Mean fatty acid concentrations (%) in mackerel lipids extracted from 
white muscle of 10 different fillets, a = Eicosapentaenoic acid (EPA), b = 
Docosahexaenoic acid (DHA). Standard deviations are presented in parenthesis.
2.4. CONCLUSION
It can be concluded that Atlantic mackerel consists of high values of both proteins and 
lipids. Therefore mackerel muscle is an important source of lipid and proteins in the 
human diet. However, due to the high content of PUFA lipids mackerel is susceptible 
to rancidity in terms of lipid oxidation and protein denaturation.
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C H A P T E R  T H R E E
3. CHANGES IN PROTEIN AND TEXTURE OF 
ATLANTIC MACKEREL (SCOMBER SCOMBRUS) 
DURING FROZEN STORAGE
3.1. INTRODUCTION
Fatty fish like mackerel is known to be a good source of meat protein (Venugopal and 
Shahidi, 1995). Fish proteins are highly susceptible to denaturation and aggregation 
with storage time and temperature that influence both texture and nutritional value of 
fish (Badii and Howell, 2001).
3.1.1. Protein solubility
Protein solubility is variable and influenced by the number of polar and non-polar 
groups and their arrangement along the molecule. Proteins are usually more soluble 
in dilute salt solutions than in pure water. The salts are thought to associate with 
oppositely charged groups in proteins. In most protein solutions, there is little change 
in solubility as more salt is added until a very high salt content is reached when 
‘salting out’ takes place.
Loss of extractability of myofibrillar proteins during frozen storage of fish has been 
taken as a measure for protein denaturation (Del Mazo et al, 1999). Among 
myofibrillar proteins, myosin heavy chain was found to be the most sensitive to freeze 
denaturation. Frozen cod was reported to suffer an 80 % loss in myosin extractability, 
while under the same conditions actin solubility was changed slightly (Shenouda, 
1980; Badii and Howell, 2001). The decrease in the protein solubility was correlated 
with storage time (Del Mazo et al, 1999) and temperature (Badii and Howell, 2001). 
In addition, it has been known that the decrease in the extractability and solubility of 
proteins correlated with the amounts of oxidized lipids bound to protein (Saeed and 
Howell, 2002; Sikorski and Kolakowska, 1996; Xiong and Decker, 1995). As a 
sequence of these events, damage to the functionality of fish muscle (Olafsdottir et 
al, 1997), effect on the organoleptic quality, colour change, flavour and texture of
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the fish have been reported (Badii and Howell, 2001; Badii and Howell, 2002a; Saeed 
et al, 1999a). Soluble myofibrillar protein can be studied further by other methods 
such as viscometry rheology, differential scanning calorimetry and measurement of 
surface hydrophobicity or electrophoresis (Careche et al, 1998; Badii and Howell, 
2001; Badii and Howell, 2002a).
It is widely accepted that changes in texture are associated with protein denaturation. 
Since texture deterioration is related to quality decrease, rather than to potentially 
health-hazardous spoilage, the effect of storage on texture has not been studied 
extensively. Textural changes on storage are generally caused by enzymatic action, 
changes in moisture, or reactions in food polymers owing to cross linking and 
toughening. In order to inhibit or delay protein denaturation and diminish texture 
changes during frozen storage, various antioxidants and cryoprotectants have been 
applied (Badii and Howell, 2002b). Due to the toxic effects of synthetic antioxidant, 
natural antioxidants have been recommended (Aruoma et al, 1997; Badii and Howell, 
2002b; Bondet et al, 1997; Brand-Williams et al, 1995).
3.1.2. Formaldehyde and dimethylamine induced by degradation of trimethyl- 
amine oxide
In the food industry, non-destructive approaches for assessing freshness of foods are 
required. Trimethylamine-N-oxide (TMAO) is a nitrogenous compound widely 
distributed in fish which may either be reduced to form trimethylamine (TMA) (fish- 
odour substance) by microorganisms (bacteria) or undergo demethylation in the 
presence of trimethylamine-N-oxide oxidase (TMAOase) to produce dimethylamine 
(DMA) (meat-odour substance) and formaldehyde (FA) (Gill and Paulson, 1982) 
(equation 3.1). The activity of the enzyme is high in the presence of co-factors such 
as ascorbate, cysteine and FeCl3 (Benjakul et al, 2004; Lundstrom et al, 1982). 
Many gadoid fish are known to contain high levels of these products (Herbard et a l,
1982).
TMAOase
T M A (3.1)
cofactor
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TMA concentration is rapidly increased in marine products after their death 
(Watanabe, 1995). TMA measurement in seafood is an important indicator for the 
evaluation of fish freshness (fresh: 0-1 mg/lOOg, initial corruption: 1-5 mg/lOOg) 
rotting fish [indigestible in the raw]: more than 6  mg/lOOg (Mitsubayashi and 
Hashimoto, 2002; Hshimoto and Mitsubayashi, 2001).
Formaldehyde (FA) is bound to various functional groups in proteins via covalent 
bonds as well as disulfide bonds (Benjakul et al, 1997; Lim and Haard, 1984; 
Ragnarsson and Regenstein, 1989; Shenouda, 1980) producing crosslinking 
(Shenouda, 1980), which cause unfolding, aggregation and toughening of fish muscle 
(Badii and Howell, 2001; Del Mazo et al, 1994). The size of aggregates 
progressively increases, resulting in the greater loss in solubility (Leelapongwattana et 
al, 2005). However, an increase in FA level is not the major cause of muscle 
aggregation (Badii and Howell, 2001; Benjakul et al, 2004).
3.2. MATERIALS AND METHODS
3.2.1. Materials
Atlantic mackerel (Scomber scombrus) was supplied by M & J Seafood, Farnham, UK. 
Anhydrous sodium sulphate was bought from Fisher Scientific. 1, 2, 3-tetraethoxypropane 
(TEP), thiobarbituric acid (TBA), ammonium acetate, and acetyl acetone were purchased 
from Sigma-Aldrich, Poole, UK. Sodium di-hydrogen orthophosphate and di-sodium 
hydrogen orthophosphate were bought from BDH/Merck Chemicals Ltd, Lutterworth, UK. 
All reagents used were analytical grade. Instant green tea was provided by Tokyo Niklcen 
Foods Co. Ltd. Japan.
3.2.2. Methods
3.2.2.I. Sample preparation
Eighty matched deboned fillets (about 6  Kg) of Atlantic mackerel were provided by 
M & J Seafood, Farnham, UK. In order to facilitate mixing of antioxidants, the fillets
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were minced and divided into four groups. One group was stored at -80 °C, a second 
group was frozen at -10 °C without antioxidant as a control (10 ml deionised water 
was added), the third group was mixed with 250 ppm Japanese green tea while the 
fourth group was mixed with 500 ppm green tea and both treated samples were stored 
at -10 °C. Tests were conducted at time zero, and subsequently at 4, 8 , 16 and 26 
weeks of storage to examine the biochemical and physical changes taking place 
during frozen storage. Green tea was dissolved into 10 ml deionised water to prepare 
250 and 500 ppm before mixed with mince fish.
3.2.2.2. Protein extraction and determination
See section 2.2.2.8.
3.2.2.3. Protein determination by the Bradford method
See section 2.2.2.7.
3.2.2.4. SDS-PAG electrophoresis
See section 2.2.2.9.
3.2.2.5. Small deformation rheological test
Small deformation rheological analysis of mackerel stored at -80 °C and -10 °C with 
or without antioxidants (either 250 ppm or 500 ppm) were undertaken on a 
Rheometrics controlled stress rheometer 100 using 40 mm parallel plate geometry 
with a gap of 0.5 mm. Samples were prepared by adding 500 pi distilled water to 3 g 
fish tissue and mixed to make a soft paste. In order to prevent evaporation during 
heating, silicone oil was applied. A frequency of 1 rad s"1 was used and the applied 
stress was varied to keep the strain at about 2 %. The temperature peltier plate was 
programmed to ramp, at a rate of 2 °C min'1, from 20 to 90 °C. After the temperature 
of the sample reached 90 °C, the peltier plate was cooled to 20 °C at the rate of 2 °C 
m in1' The elastic modulus G’ was noted at 20 °C before heating, at 90 °C and after 
cooling at 20 °C.
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3.2.2.6. Formaldehyde extraction and determination
Formaldehyde (FA) was extracted by acid distillation (Rehbein, 1987). Minced fish 
(10 g) was distilled with water (100 ml) and 5 ml of 10 % (v/v) phosphoric acid until 
about 100 ml of FA solution was collected. FA was determined by the Nash method 
(Nash, 1953). The analysis was undertaken in duplicate.
Preparation o f standard curve
A serial dilution of formaldehyde was prepared in distilled water to give dilutions 
containing the equivalent of 25, 50, 75, 100, 150, 200 and 250 nmol/ml of 
formaldehyde (FA). Nash reagent (2 ml) was added to samples and standards. The 
solution was incubated for 5 minutes in a water bath at 55 °C and then cooled 
immediately. FA was assessed spectrophotometry at 412 nm. Formaldehyde was 
calculated and expressed as nmol/g (appendix 2 ).
3.2.2.7. DMA extraction and determination
DMA in a water-soluble extract was determined by lH NMR spectroscopy according 
to Howell, et a l (1996). Minced fish (1 g) was homogenised with 10 ml distilled 
water for 1 sec followed by centrifugation at 3000 x g for 20 min. The water soluble 
portion was analyzed by NMR spectroscopy.
NMR spectroscopy
Water extracts (1 ml) were vortexed thoroughly with 100 pi D20  for 20 sec and 
subjected to NMR spectroscopy as follows. Proton NMR spectra were run on a 
Bruker AC-300 or AC400 Fourier Transform spectrometer at 300 or 400 MHZ, 
respectively. Data points 16 K were collected with a 30 degree pulse, a 15 ppm 
spectral width and a repetition time of 3.4 s where a large water signal was 
encountered, a presaturation sequence was employed, with low power decoupling for 
3.4 s and data collection, without decoupling, for 1.6 s. Between 128 and 512 scan 
were accumulated as required.
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3.2.3. Statistical analysis
The results are expressed as mean ± SD. Significant differences values were 
assessed with the impaired Student’s t-test. The significance level chosen for the 
statistical analysis was p<0.05.
3.3. RESULTS AND DISCUSSION
3.3.1. Protein extractability
Fish quality decreases during frozen storage as a result of increasing time and 
temperature of storage. Values obtained for protein extractability at both 
temperatures were studied using salt and water soluble proteins. In all cases there was 
a decline in protein extractability values (figures 3.1-3.4). The higher decrease values 
were observed at -10 °C compared with other storage conditions (-10 °C with 
antioxidant and -80 °C).
Compared with fresh muscle, the values of salt-soluble and water-soluble proteins 
decreased gradually during 26 weeks of storage in all samples, with greater reduction 
for samples stored at -10 °C (p<0.05) than for -80 °C for the same time (figures 3.1 
and 3.3). The major alteration in fish tissue occurs largely in the myofibrillar 
proteins, the main muscle proteins. The decrease in solubility is accompanied by 
changes in texture and development of toughness in fish muscle (Badii and Howell, 
2002b; Saeed and Howell, 2002).
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Figure 3.1. Salt-soluble protein extractability in Atlantic mackerel stored at -80 
°C and -  10 °C for 26 weeks. Data are expressed as the mean ± SD, n=3.
Figure 3.2. Salt-soluble protein extractability in Atlantic mackerel stored at -10 
°C with 0, 250 or 500 ppm instant green tea for 26 weeks. Data are expressed as 
the mean ± SD, n=3.
Green tea antioxidants were found to prevent the decrease in the solubility of proteins. 
There was a significant difference between control samples without antioxidants and 
samples treated with the instant green tea after storage (figures 3.2 and 3.4). Many 
reports have demonstrated the role of lipid peroxidation as the most important factor
—♦—  at -10’C (250 ppm green tea) 
—■—  at -10’C (500 ppm green tea) 
at -10’C (without green tea)
0 5 10 15 20 25 30
Storage Time (Weeks)
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that contributes to loss of protein solubility, leading ultimately to protein denaturation 
throughout frozen storage (Saeed and Howell, 2002).
0 5 10 15 20 25 30
Storage Time (Weeks)
Figure 3.3. Water-soluble protein extractability from Atlantic mackerel stored 
at -80 °C and -10 °C tea for 26 weeks. Data are expressed as the mean ± SD, 
n=3.
Storage Time (Weeks)
Figure 3.4. Water-soluble protein extractability in Atlantic mackerel stored at - 
10 °C with 0, 250 or 500 ppm instant green tea for 26 weeks. Data are expressed 
as the mean ± SD, n=3.
3.3.2. Electrophoresis
It is apparent from figure 3.5 that there was a noticeable change in the intensity of 
myofibrillar protein bands. Among these bands, the intensity of myosin heavy chain
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(MCH) (205 kDa) band showed a substantial decrease, particularly in samples stored 
at -10 °C without antioxidant. There is growing evidence that decreased myosin 
intensity and increase in a new band intensity which appeared in stacking gel showed 
that the protein can interact with other molecules to form high molecular weight 
complexes that are unable to enter the gel (Matthews et al., 1980). Many reports 
suggest that high molecular weight complexes may result from protein-protein 
interaction (Saeed et al., 1999b) or lipid peroxidation adducts through protein 
interaction with mainly aldehydes (Gerrard and Brown, 2002).
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Figure 3.5. SDS-PAGE pattern of salt- soluble proteins from mackerel muscle 
stored for up to 26 weeks.
Lane 1 Samples stored at -10°C without instant green tea.
Lane 2 Samples stored at -10°C mixed with 500 ppm instant green tea.
Lane 3 Samples stored at -10°C mixed with 250 ppm instant green tea.
Lane 4 Samples stored at -80°C .
Lane 5 Protein standards.
3.3.3. Small deformation rheological test
The elastic (G’) and viscous modulus (G” ) values of mackerel muscle were measured 
using a temperature sweep 20 °C to 90 °C and cooling back to 20°C. Elastic modulus 
G’ values were higher than the viscous modulus (G” ) at the outset for all samples 
because of the solid (paste) nature of the samples; thus G’/G” crossover was not
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observed. G’ and G” data for fresh and stored mackerel are presented (Figure 3.6, 
Table 3.1). There was an increase in the G’ on cooling related to cross linking which 
resulted from hydrophobic and covalent interactions.
Temperature (°C)
Figure 3.6. G’ and G” (Pa) values of fresh mackerel
Comparison of results (G’ and G” ) in tables 3.1-3.3 and figures 3.7-3.9 for samples 
stored at -80 °C and -10 °C without antioxidant shows significant differences 
(p<0.02). Addition of antioxidants to samples stored at -10 °C for up to 26 weeks 
decreased the viscosity (G” ) and elasticity (G’) values especially in the presence of 
250 ppm instant green tea. However, there was no significant difference between 
samples in the presence or absence of antioxidants; this may be due to uneven 
distribution or loss of antioxidants in the sample or protein green tea interaction (Wu 
et al., 2007). An increase in G’ and G” was associated with the loss in protein 
solubility during frozen storage due to protein denaturation by ice formation or lipid 
oxidation adducts resulting in toughness of frozen fish (Badii and Howell, 2002b; 
Badii and Howell, 2002a; Saeed and Howell, 2004).
Time G’(20 °C after cooling) G”
Fresh 25.6 ± 3.01 4.2 ± 1.5
After 4 weeks
At -80°C 50.2 ± 7.2 9.3 ± 1.4
At -10°C (250 ppm) 109.6 ± 45.3 21.3± 5.7
At -10°C (500 ppm) 120.6 ± 19.7 22.2 ± 9.7
At -10°C 137.3 ± 31.4 26.2 ± 8.1
Table 3.1. G’ and G” values (kPa) of Atlantic mackerel stored a t -80 °C and- 
10 °C with 0, 250 ppm or 500 ppm green tea for 4 weeks.
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Figure 3.7. G’ and G” values of frozen mackerel stored at (a) -80 °C, and at -  10 
°C with (b) 250 ppm instant green tea; (c) 500 ppm instant green tea, and (d) -10 
°C without instant green tea for up to 4 weeks.
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After 16 weeks G’(20 °C after cooling) G”
At -80°C 89.2 ± 16.4 16.4± 7.19
At -10°C (250 ppm) 263.5 ± 26.7 52.6 ± 10.8
At -10°C (500 ppm) 307.7+ 51.3 57.9 ± 11.9
At -10°C 274.4+ 30.4 52.6 ± 6.2
Table 3.2. G’ and G” values (kPa) of Atlantic mackerel stored at -80 °C and -10 
°C with 250 or 500 ppm and without instant green tea for 16 weeks.
After 26 weeks G’(20 °C after cooling) G”
At -80°C 83.2 ± 13.01 15.4+4.1
At -10°C (250 ppm) 298 + 91.9 60.3 ± 12.2
At -10°C (500 ppm) 349 + 58.4 69.2 ± 18.3
At -10°C 348 ± 76.2 64.4+ 19.8
Table 3.3. G’ and G” values (kPa) of frozen Atlantic mackerel stored at -80 °C 
and at -  10 °C with 250 or 500 ppm instant green tea and without instant green 
tea for 26 weeks.
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3.3 .4 . Production of formaldehyde and dimethylamine
It was noticeable that formaldehyde (FA) content increased continuously with storage 
time and temperature (figure 3.10). The differences in rates of formation of 
formaldehyde in samples stored at -80 °C and those stored at -10 °C were found to be 
significant (p < 0.01). While there was no a significant difference between samples 
stored at -10 °C with (500 ppm) antioxidant, there was a significant difference 
between samples stored at -10 °C without antioxidant and those stored at -10 °C with 
(250 ppm) antioxidant (p<0.05). Table 3.4 indicates dimethylamine (DMA) content 
(ppm) in the muscle of Atlantic mackerel during frozen storage at -10 °C and -80 °C. 
DMA is produced from TMAO degradation at the same time as FA. The results 
clearly show a difference in the content of DMA at -10 °C (70 mm) and -80 °C (15 
mm peak intensity). The production of FA and DMA during frozen storage in a fatty 
fish like mackerel has not been published hitherto.
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Figure 3.10. Formaldehyde content in fresh and frozen mackerel stored at (a) -80 
°C, and at -  10 °C with (b) 250 ppm instant green tea; (c) 500 ppm instant green 
tea, and (d) -10 °C without instant green tea as control for 34 weeks. Data are 
expressed as the mean ± SD, n=3.
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1Substance NMR (ppm) 
assessment
Peak intensity (mm)
-80°C -10°C (250 ppm -10°C (500 ppm
green tea) green tea)
-10°C (without 
green tea)
DMA 2.7 15 60 54 70
Table 3.4. NMR data showing DMA (peak intensity mm at 2.7 ppm) in water 
soluble extracts from mackerel mince stored at -80 °C and at -10 °C with 250 or 
500 ppm instant green tea and without instant green tea for 34 weeks.
The effect of temperature and time of storage on proteins was evident in the present 
experiments; both the extractability of salt and soluble proteins showed a greater 
decrease at -10 °C compared with storage at -80 °C or -10 °C with antioxidant. As 
green tea behaves as an antioxidant, the decrease in extractability and solubility of 
proteins correlated with the degree of lipid oxidation and subsequently protein 
oxidation followed by cross linking. Solubility was accompanied by changes in 
texture and development of toughness in fish muscle with time and temperature ( - 1 0  
°C) of storage. Unexpectedly green tea (250 or 500 ppm) had no significant effect on 
reducing the elastic modulus (G’) values related to toughness during storage up to 26 
weeks. This may have been due to the interaction of green tea components with 
proteins as shown by Wu et al., (2007) which negated the antioxidant effect 
(discussed in chapter 5). Thus green tea is not perhaps the ideal anti oxidant for fish 
fillets. The individual polyphenols may act differently and this needs to be 
investigated. Formaldehyde levels also increased at -10 °C especially in the absence 
of green tea and may have contributed to protein denaturation (Ang, 1989). 
Substantial FA forms in lean gadoid fish species like cod (Badii and Howell, 2001) 
and lizard fish (Benjakul et a l , 2004a). However, this is the first time that formation 
of FA and DMA has been reported in fatty fish like Atlantic mackerel.
3.4. CONCLUSION
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C H A P T E R  F O U R
4. EFFECT OF GREEN TEA ON PROTEIN STRUCTURE 
OF MACKEREL {SCOMBER SCOMBRUS) DURING 
FROZEN STORAGE BY FT-RAMAN SPECTROSCOPY
4.1. INTRODUCTION
Freezing and frozen storage are important techniques for long term preservation of 
fish; however, many changes can take place. In minced fish, changes are induced by 
the disruption of muscle integrity which allows intimate contact among cellular 
compounds and the access of oxygen (Hultin and Kelleher, 2000; Undeland et al., 
1998). Changes in the texture of fish muscle during frozen storage are also widely 
reported to produce a hard, dry and fibrous product (Shenouda, 1980; Badii and 
Howell, 2002a; Saeed and Howell, 2002). These textural changes are mainly 
attributed to the denaturation and aggregation of myofibrillar proteins caused by ice 
crystals and lipid oxidation in tissues (Badii et al., 2004).
Fish muscle contains efficient antioxidants such as alpha tocopherol, (vitamin E) that 
stabilizes unsaturated lipids. However, antioxidants lose their activity due to 
antioxidant consumption in the oxidative process (Petillo et al., 1998). Addition of 
natural antioxidants (vitamin C, vitamin E and rosemary) to fish muscle substantially 
minimize protein denaturation, toughening and lipid oxidation (Badii and Howell, 
2002b; Howell and Saeed, 1999a). Natural antioxidants including green tea 
polyphenols have also been reported to effectively prevent lipid peroxidation and 
therefore inhibit protein denaturation and change in texture of chilled fish stored at 4 
°C for 10 days (Tang et al., 2001b) .
Many spectroscopic procedures including Raman, infrared and NMR spectroscopies 
have been applied to assess the quality of frozen stored fish. Among them, Raman 
spectroscopy is particularly useful for measuring any changes in proteins and tissues. 
The effectiveness of Raman spectroscopy as a protein structural probe relies upon 
precise vibrational assignments for the many spectral bands which are provided by
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both the main chain and diverse side chains of the protein. Raman spectroscopy can 
powerfully analyse the secondary structure of proteins and provide details about 
amino acids in protein side chains (Howell et al., 1999b; Li-Chan et al., 1994a). The 
prominent bands of protein assigned to skeletal stretching modes of electron-rich 
groups, include vibrations associated with the aromatic rings of tyrosine (Tyr), 
tryptophan (Trp) and phenylalanine (Phe) side chains and vibrations of the sulphur- 
containing cysteine (Cys) side chain. Also, the amide region (centred at 1660 cm'1) 
has been used to characterise secondary structure content of proteins like myosin, 
lysozyme (Howell et al., 1996b), casein (Byler and Susi, 1988), whey and egg 
proteins (Ngarize et al, 2004).
Tyr and Trp vibrational bands are sensitive to the microenvironment. Therefore, 
detailed information about the microenvironment of these aromatic side chains can be 
obtained from, for example, variations in intensity of the vibrational modes, or 
alteration in the intensity ratio of Fermi resonance doublets. An example of the 
occurrence of a Fermi doublet that is important in biochemistry is the pair of bands 
near 850 and 830 cm' 1 observed in the Raman spectra of many proteins. The origin 
of the tyrosine doublet and the relation of its components to the environment of the 
phenyl ring, the state (H-bonding) of the phenolic hydroxyl group, and the 
conformation of the amino acid backbone has been investigated (Chen et al., 1973; 
Jenkins et al., 2005).
Raman spectroscopy has been used to trace the changes in fish muscle during frozen 
storage. Structural changes have been reported in proteins during frozen storage 
including a decline in the a-helix and an increase in p-sheets as a result of exposure of 
hydrophobic aliphatic side chains (Herrero et al, 2004; Badii and Howell, 2002b). 
The changes in protein structure can be associated with alteration between protein and 
water molecules. Therefore the main spectral features of the Raman spectrum of water 
in fish muscle can be followed by studying the 3100 and 3500 cm' 1 region which is 
due to OH stretching. Howell et al (2001) found that the vibrational modes of D20  
(2400 cm'1) were affected by corn oil in a lysozyme-com oil emulsion. Thus in a 
food emulsion, oil can affect water molecules and their restructuring, which can 
influence protein groups and hydrophobic interactions. The low frequency range 
(under 600 cm'1) is related to stretching and bending vibrations of the O (N)-H. ..0(N)
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units, which display intermolecular fluctuation bands which result from interactions 
between hydrogen bonded water and biomolecules (Colaianni and Nielsen, 1995). 
To extract the structural information from the Raman spectrum, it is necessary to 
identify and interpret the marker bands that reflect the structure and interaction in the 
protein.
In this study, FT-Raman spectroscopy was used to investigate the potential protective 
effect of green tea as antioxidant during frozen storage of Atlantic mackerel.
4.2. MATERIALS AND METHODS
4.2.1. Materials
Atlantic mackerel (Scomber scombrus) was supplied by M & J Seafood, Famham, 
UK. Eighty matched deboned and skinned fillets (about 6  Kg) of Atlantic mackerel 
were used. Instant green tea was provided by Tokyo Nikken Foods Co. Ltd. Japan.
4.2.2. Methods
4.2.2.1. Sample preparation
In order to facilitate mixing of antioxidants, the fillets were minced and divided into 
groups. One group was stored at -80 °C, a second group was frozen at -10 °C 
without antioxidant as a control, and the third and fourth groups were mixed with 250 
or 500 ppm green tea respectively and stored at -10 °C. Tests were conducted at time 
zero, and subsequently at 4 and 26 weeks of storage to investigate protein structure 
changes during frozen storage.
4.2.2.2. FT-Raman spectroscopy
Mackerel stored at -80 and -10 °C with and without antioxidants were examined in 7 
ml glass containers (FBG-Anchor, Cricklewood, London) in a Perkin- Elmer System 
2000 FT-Raman spectrophotometer with excitation from a Nd: YAG laser at 1064
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nm. Frequency calibration of the instrument was performed using the sulphur line at 
217 cm'1. Triplicate sets of the samples were prepared and analysed using laser 
power of 1785 mW. The spectra were an average of 198 scans, which were baseline 
corrected, smoothed and normalised to the intensity of the phenylalanine band at 1004 
cm' 1 (Howell et al., 1999b; Li-Chan et al, 1994a). The recorded spectra were 
analysed using Grams 32 (Galactic Industries Corp., Salem, NH). Assignments of the 
bands in the spectra to protein vibrational modes were made based on the literature 
(Howell et al, 1999b; Careche et al, 1999; Li-Chan et al, 1994a). Since the intensity 
of phenylalanine shows a strong band at 1004 cm"1 for fresh and frozen muscle and it 
is known to be unaffected by changes in the microenvironment, this band was used as 
an internal standard for normalisation (Tu, 1986). The results are presented as mean 
± standard deviation for relative peak intensity of the spectra bands.
4.2.3. Statistical analysis
Raman spectra of mackerel muscle were compared with each other using one way 
ANOVA (Kruskal-Wallis statistics) test where a Gaussian distribution was not 
assumed. A post hoc test was applied in order to identify which groups are 
significantly different from each other. All statistical analyses were carried out using 
the SPSS package (SPSS Inc, Chicago, IL, US). The results are considered 
statistically significant at p <0.05.
4.3. RESULTS AND DISCUSSION
Figure 4.1 illustrates the Raman spectra (600-1800 cm'1) of fresh mackerel muscle 
and table 4.1 presents the assignments of the most prominent Raman signals. Figure
4.2 (a-d) represents the Raman spectra (600-1800 cm'1) of mackerel stored at: (a) -80 
°C and at -10 °C with (b) 250 ppm instant green tea, (c) 500 ppm instant green tea 
and (d) without instant green tea for 4 weeks (A) and 26 weeks (B). All spectra 
displayed changes or shift in the intensity of bands compared with the controls.
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Wave number cm" 1
Figure 4.1. FT-Raman spectra in the 600-1800 cm"1 region for fresh mackerel 
muscle.
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Wave number (cm'1)
Figure 4.2. FT-Raman spectra in the 600-1800 cm'1 region of mackerel muscle 
stored a t : (a) -80 °C, -10 °C with (b) 250 ppm instant green tea, (c) 500 ppm 
instant green tea and (d) -10 °C without instant green tea for (A) 4 weeks and (B) 
26 weeks.
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Wave number region (cm-1) Assignments
760 Trp
830, 855 Tyr doublet
937 Helix C-C stretch, CH3 symmetric stretch
990 (3-Sheet structure
1034 Phe, ring band
1128 Isopropyl anti symmetric stretch CH stretch
back bone
1160 CH3 anti symmetric (aliphatic) CH3 rock
(aromatic)
1239 (3-sheet
1245 Amide III (random coil)
1264 Amide III
1320 Amide II
1340 H band doublet from trp
1425 (Shoulder, residue vibration) asp, glu, lys
1451 Aliphatic groups, CH bend
1554 Trp
1660 Amide I
2940 CH stretch, aliphatic
2888 Shoulder
2976 and 2969 Shoulder
Table 4.1. Major FT-Raman peak assignments for mackerel muscle.
To study the changes in protein structure resulting from frozen mackerel muscle, the 
change in the tyrosyl doublet bands at 850 and 830 cm' 1 in tbe Raman spectra was 
examined. The tyrosyl doublet band reflects the content and the environment of tbe 
phenyl ring, the state of tbe phenolic hydroxyl group, and the conformation of the 
amino acid backbone. Using the relative intensities of the doublet in model systems 
where the phenolic hydroxyl group is strongly hydrogen-bonded, weakly hydrogen-
71
bonded, free or ionized, the reported Raman intensities of the doublets bands observed 
in the Raman spectra of several proteins have been interpreted and can provide details 
about changes in the microenvironment around the tyrosine residue (Li-Chan, 1994b). 
If the tyrosine is exposed, the ratio will be high (0.9-1.45) while a low ratio signifies 
strong hydrogen bonding. Frozen fish muscle displayed an overall increase in the 
ratio intensity of tyrosine doublet bands due to storage time and temperature (figure 
4.3), particularly in the samples stored at -10 °C without instant green tea (0.857± 
0.08) compared with the control stored at -80 °C (0.695 ±0.06) (p< 0.001) or the 
sample at -10 °C with 250 ppm instant green tea (0.698± 0.003) (p< 0.01) for 4 
weeks. A substantial increase in the doublet ratio bands was observed after 26 weeks 
storage in all samples but mainly in samples stored at -10 °C treated with 500 ppm 
instant green tea (0.974 ±0.03) and untreated (0.987 ± 0.17). The above results 
indicate that the hydroxyl group in the tyrosine residues participated in weak Id- 
bonding, indicating that the protein is denatured.
A A ■  4 weeks □  26 weeks
_  1.4
|  1.2
I  1
>  in
a £  0.8
f  S  0.6
I  0.4
■a! 0.2cc
0
fresh a b e d  
Storage Temperature fC )
Figure 4.3. Tyrosine doublet ratio for fresh and frozen mackerel fillets stored 
for up to 4 and 26 weeks at: (a) -80 °C, and at -10 °C with (b) 250 ppm instant 
green tea; (c) 500 ppm instant green tea, and (d) -10 °C without instant green tea. 
Data are expressed as the mean ± SD, n=3.
In addition, changes in hydrophobic and aromatic groups were investigated in this 
study. The intensities of the 1363, 880 or 760 cm'1 bands were used to monitor the 
buried and exposed tryptophan residues (Minura et al., 1991). There was a steady
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reduction in the intensity of the tryptophan band at 760 cm-1 (Figure 4.4) throughout 
storage for all samples. The intensity of the tryptophan band for samples stored at -10 
°C without instant green tea were significantly lower (0.26 ± 0.003) compared with 
the samples stored at -80 °C (0.31 ±0.023) (p< 0.001). In addition, for untreated 
samples, the intensity of 760 cm'1 band was slightly less than for those treated with 
250 ppm instant green tea (0.29 ±0.007) (p< 0.01 ) or 500 ppm instant green tea 
(0.28 ± 0.021) (p< 0.02) after 26 weeks storage. Similar results were observed in the 
1450 cm'1 band (Figure 4.5) that is assigned to methylene asymmetric bending (H-C- 
H) or deformation motions of CH2 and CH3. The changes in the hydrophobic 
environment around the aliphatic and aromatic side chains can be used to monitor 
denaturation and conformational changes in protein denaturation and cross-linking 
(Ang and Hultin, 1989).
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Figure 4.4. Tryptophan intensity (760 cm'1) for fresh and frozen mackerel 
muscle stored up to 4 and 26 weeks at: (a) -80 °C, and at -  10 °C with (b) 250 
ppm instant green tea; (c) 500 ppm instant green tea, and (d) -10 °C without 
instant green tea as control. Data are expressed as the mean ± SD, n=3.
73
□  4 weeks ■  26 weeks
l l i n
fresh a b e d  
Temperature (°C) storage
Figure 4.5. Changes in the 8 CH3, CH2, and CH stretch region (1450 cm'1) in 
fresh and frozen mackerel muscle stored for up to 4 and 26 weeks at: (a) -80 °C; 
and at -10 °C with (b) 250 ppm instant green tea; (c) 500 ppm instant green tea, 
and (d) -10°C (without instant green tea). Data are expressed as the mean ± SD, 
n=3.
A change in the secondary structure content was observed throughout storage by a 
decrease in a-helix peak intensity (939 cm'1) (Figure 4.6). The reduction was 
significant compared with the fresh sample (p<0.05), but the a-helix band decreased 
only slightly in all samples during storage. There was an increase in 6- sheets peak 
intensity (990 and 1239 cm 1) (Figure 4.7a, b). 6- Sheet formation may result from 
the bonding between C=0 and NH groups that occur when the protein unfolds or is 
denatured. An increase in 6-sheet and a decrease in a-helix are indicative of protein- 
protein interactions which have been reported for heat-denatured proteins (Howell and 
Li-Chan, 1996b; Ngarize et a l 2004) and for frozen stored hake muscle (Careche et 
al., 1999), fish actomyosin (Ogawa et al., 1999) especially with frozen fish samples 
stored at -10 °C without antioxidant. Protein-lipid interaction studies have revealed 
that oxidized lipids cause protein damage leading to changes in texture and formation 
of aggregates in fish muscle (Saeed et al., 2006; Badii and Howell, 2002a).
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Figure 4.6. a-Helix structure from Raman band (939 cm 1) for fresh and frozen 
mackerel muscle stored up to 26 weeks a t : (a) -80 °C, and at -10 °C with (b) 250 
ppm instant green tea, (c) with 500 ppm instant green tea, and (d) -10 °C without 
instant green tea. Data are expressed as the mean ± SD, n=3.
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Figure 4.7. Ii- Sheet structure from Raman bands (A) 990 cm' 1 and (B) 1239 cm'1 
for fresh and frozen mackerel stored up to 26 weeks at: (a) -80 °C, and -10°C 
with (b) 250 ppm instant green tea, (c) 500 ppm instant green tea, and (d) -10 °C 
without instant green tea. Data are expressed as the mean ± SD, n=3.
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Figure 4.8. Raman spectra in the amide 1 region of mackerel muscle stored for 
up to 26 weeks at: (a) -80 °C, and at -10 °C with (b) 250 ppm instant green tea, 
(c) 500 ppm instant green tea, and (d) -10 °C without instant green tea.
The amide I band which is located at about 1655 cm'1 (Krimm and Bandekar, 1986) 
arises from C=0 stretching and N-H bending vibrations. Usually for proteins with a 
high a- helix content, the amide I band is centred around 1645-1657 cm'1 whereas for 
proteins with a high content of p-sheet structure, the band is centred at 1665-1657 cm' 
'. Proteins including random coil structure show the amide I band at 1660 cm'1. It 
has been reported that the amide I band is very sensitive to changes in the frequency 
that results from changes in the hydrogen bonding in peptide side chain. Compared 
with fresh muscle, the frozen muscle showed a shift in the amide I frequency from 
1658 cm"1 to 1661 cm'1 in the sample stored at -10 °C without instant green tea which 
indicates alteration in the secondary structure components (Figure 4.8).
There was a decrease in the intensity of the amide I band in all samples after 26 weeks 
compared with the results observed after 4 weeks, mainly in the samples stored at -10 
°C without instant green tea (p<0.01). In contrast, samples stored at -80 and -10 °C 
with instant green tea showed fewer changes with time and conditions of storage 
(Figure 4.9). After 26 weeks of frozen storage, there were significant differences in
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the amide I band intensity between samples stored at -10 °C without instant green tea 
(1.65 ± 0.14) compared with those stored at -80 °C (3.04±0.05) (p<0.01). In 
addition, the amide I band intensity was significantly higher in samples treated with 
250 ppm instant green tea compared with untreated samples stored -10 °C (p<0.05) 
(Figure 4.9).
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Temperature Storage( °C)
Figure 4.9. Amide I region (1657-1662 cm'1) changes in fresh and frozen fish 
stored for up to 4 weeks and 26 weeks at: (a) -80 °C, and at -10 °C with (b) 250 
ppm instant green tea; (c) 500 ppm instant green tea, and (d) -10 °C without 
instant green tea. Data are expressed as the mean ± SD, n=3.
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Figure 4.10. Raman spectra in the C-H (2937 cm'1) and O-H (3020 cm'1) regions 
of mackerel muscle stored for up to 26 weeks at: (a) -80 °C, and at -10 °C with (b) 
250 ppm instant green tea; (c) 500 ppm instant green tea, and (d) -10 °C without 
instant green tea.
Normalized spectral profiles in the 3500-2800 cm'1 region are shown in figure 4.10. 
Bands at 2900, 2940 and 2980 cm 1 have been assigned to CH stretching including 
CH2 symmetric, CH2 asymmetric, and CH3 asymmetric stretching vibrations 
respectively (Li chan et al 1996, Howell et al 1999b) and the band at (3100-3500 cm 1 
is assigned to OH stretching (Maeda and Kinto, 1995).
There was a decrease in the O-H stretching band of water (3100-3500 cm'1), 
indicative of the loss of water (Figure 4.10). For samples stored at -80 °C, the O-H 
band intensity was higher than the C-H band intensity. In contrast, in samples stored 
at -10 °C without instant green tea the OH band was significantly lower than the C-H 
band due to loss of water and protein exposed to the environment (Figure 4.10). The
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ratio of O-H/C-H can be used as quality index to investigate the loss in quality due to 
freezing and frozen storage.
1.8
1.6 -~oc(0 1.4 -n
X 1.2o 1
c 0.8ron 0.6
Xo 0.4
0.2
0 -
□  4 weeks ■  26 weeks
r f i
fresh
Temperature storage (°C)
Figure 4.11. Raman spectra OH/ CH stretching band ratio of fresh and frozen 
mackerel stored for up to 4 weeks and 26 weeks at: (a) -80 °C, and at -10 °C with 
(b) 250 ppm instant green tea; (c) 500 ppm instant green tea, and (d) -10 °C 
without instant green tea. Data are expressed as the mean ± SD, n=3.
4.4. CONCLUSION
There were substantial changes in the protein structure due to frozen storage, 
especially at the higher storage temperature (-10 °C) compared with -80 °C or -10 °C 
with instant green tea. Raman spectra revealed protein denaturation, indicated by a 
decrease in the tyrosine doublet ratio, alpha helix content and O-H stretching bands 
intensities and an increase in tryptophan band intensity and p sheet structure. The 
changes may be attributed to ice formation, crystal growth pattern and lipid 
peroxidation during freezing and frozen storage as reported in previous studies (Badii 
et al., 2004). Using green tea as anti oxidant, at concentrations of about 250 ppm can 
protect the fish protein structure for a limited storage period. However, for optimum 
freshness, fish should be stored at very low temperatures.
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C H A P T E R  F IV E
5. ALDEHYDE FORMATION IN FROZEN MACKEREL 
(SCOMBER SCOMBRUS) IN THE PRESENCE AND 
ABSENCE OF INSTANT GREEN TEA
5.1. INTRODUCTION
Atlantic mackerel contains 2-4 % lipids which comprise high levels of 
polyunsaturated acids that are prone to oxidation, resulting in off-flavours, changes in 
colour and texture and loss of nutrients (Ackman, 1989; Ericson and Hung, 1997; 
Harris and Tall, 1994; Kolakowska, 2002; Saeed and Howell, 2002). Primary lipid 
peroxidation products include hydroperoxides that are unstable and decompose to 
generate various secondary products such as aldehydes that can contribute to food 
rancidity. Aldehydes are cytotoxic compounds due to their reactivity towards 
nucleophiles and sulphydryl groups of protein and nucleophilic acids or related amino 
acids. Consequently, in the body, they induce cell injury and death and result in 
several diseases such as atherosclerosis and cancer (Esterbauer, et a l, 1982; 
Hoberman and San George, 1988). In addition, cytotoxicity increases with increasing 
chain length of the aldehydes (Esterbauer et a l, 1990a). Unlike free radicals, 
aldehydes can easily diffuse from the production site and spread the damage further 
(Esterbauer, 1982; Esterbauer et a l, 1990b).
Aldehydes can cross-link with different compounds in muscle such as proteins, and 
consequently increase muscle hardness and toughness. The reaction of aldehydes, 
particularly those with di-functional aldehydic groups such as gluteraldehyde (GLA) 
and malondialdehyde (MDA), with amino groups in proteins or DNA can result in 
structural damage and change in their functionality (Addis, 1986; Gerrard and Brown, 
2002; Nair et al., 1986). In addition, cross-linking with proteins can result in 
aggregation and protein insolubility. According to sensory assessment, an increase in 
hexanal levels correlates with the enhancement of rancid odour and off-flavours. 
Secondary and final oxidation products are a reliable indicator of flavour deterioration 
in fish products (Shahidi, 1998). Therefore, lipid oxidation products namely MDA,
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GLA and hexanal were investigated to follow the development of oxidative rancidity 
in Atlantic mackerel.
In this study, instant green tea was tested as a natural antioxidant to prevent or retard 
the development of oxidative rancidity in fish, since it has been reported tbat synthetic 
antioxidants may cause toxicity (Barlow, 1990; Kanr and Kappor, 2001; Prior and 
Cao, 2000). Tea catecbins possess strong scavenging capacity for free radicals and 
are reported to have significantly higher scavenging activities compared with vitamin 
E and ascorbic acid; they also possess metal-chelating capacity (Jo et al., 2003; Nanjo 
et al., 1996; Tang et al., 2002; Umio et a l, 2000). However, the role of whole instant 
tea as an antioxidant in fatty fish has not been assessed. Many methods have been 
used to follow tbe extent of lipid oxidation including peroxide value (PV) and 
thiobarbituric acid reactive substances (TBARS), gas chromatography (GC) and 
liquid chromatography-mass spectrometry (LC-MS). TBA can react with aldehydes 
to produce specific pigments. In the present study, the TBARS method by LC-MS 
was used not only to identify MDA but also GLA. TBA can react with products of 
lipid peroxidation such as hydroperoxide and conjugated aldehydes to produce 
substances that absorb at 535 nm, similar to the product of MDA with TBA whereas, 
GC was used to determine hexanal (Dahle et al., 1962; Draper and Hadley, 1990; 
Kakudae/a/., 1981).
5.2. MATERIALS AND METHODS
5.2.1. Materials
Atlantic mackerel (Scomber scombrus) was supplied by M & J Seafood, Famham, 
UK. Instant green tea was provided by Tokyo Nikken Foods Co. Ltd. Japan. 3,3,3- 
Tetraethoxy propane (TEP), thiobarbituric acid (TBA) and glutaraldehyde standard, 
sodium thiosulphate, starch, potassium iodide, glacial acetic acid and chloroform were 
purchased from Sigma-Aldrich Company Ltd, Poole, England. All reagents used 
were analytical grade.
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5.2.2. Methods
5.2.2.1. Sample preparation
Eighty matched deboned fillets (about 6 Kg) of Atlantic mackerel were used. In order 
to facilitate mixing of green tea, the fillets were minced and divided into groups. One 
group was stored at -80  °C, a second group was frozen at -10°C without antioxidant 
as a control, and the third and fourth groups were mixed with 250 or 500 ppm green 
tea respectively and stored at -10 °C. Tests were conducted at time zero, and 
subsequently at 4, 8, 16 and 26 weeks of storage to investigate lipid oxidation during 
frozen storage.
5.2.2.2. Lipid extraction from Atlantic mackerel
Lipid was extracted from fresh minced mackerel by the Bligh and Dyer method as 
modified by Saeed and Howell (1999a). Minced fish was homogenised with 
methanol and chloroform (2:1) for 4 min. The fish homogenate was centrifuged for
10 min at 3000 x g. The lower chloroform phase containing the lipid was filtered and 
chloroform was evaporated. The oil extracted was stored under nitrogen at -80 °C for 
further analysis.
5.2.2.3. Peroxide value
Air was expelled from a conical flask by using nitrogen gas. Fish oil (0.5 g) was 
weighed into the flask followed by adding 10 ml chloroform and 15 ml acetic acid. 
After that, lml fresh saturated potassium iodide was added. The flask was sealed and 
swirled gently to mix the solution for 1 min and then placed in a dark cupboard for 1 
min. Subsequently about 1 ml starch solution was added. The coloured solution was 
titrated with 0.002 N sodium thiosulfate solution. A control sample without the fish
011 was also analysed. Peroxide value was calculated as follows:
py= (PV titre— PV blank) x N x 1000 
Weight of fat used
Where PV titre = ml of sodium thiosulphate solution used in sample
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PV blank = ml of sodium thiosulphate used in blank 
N = concentration of thiosulphate solution
S.2.2.4. Thiobarbituric acid reactive substances (TBARS)
Thiobarbituric acid (TBA) reacts with TBA-reactive substances (TBARS) such as 
MDA under acidic conditions to form a chromagen which can be measured by HPLC 
(Young and Trimble, 1991) and LC-MS at 532 nm.
Sample preparation
Fish muscle (lg) was homogenised with 2.5 ml distilled water followed by the 
addition of 100 pi BHA to prevent further oxidation and 500 pL of 25 % HC1 and 500 
pi 1 % TBA. The mixture was vortexed for 20 sec and incubated in a water bath at 90 
°C for 1 h and cooled down to 20 °C. Methanol (HPLC grade) (1 ml) and 400 pi of 
NaOH (1M) were added to 400 pi of sample. The mixture was centrifuged at 13,000 
x g  for 10 min, and transferred to a vial for analysis. An aliquot (50 pi) was injected 
into the HPLC (Spectra system AS 3000) for analysis. The red complex separation 
was achieved on a 150 x 3 mm column containing Luna 5 pm phenylhexyl C l8 
packing (Phenomenex, Macclesfield, UK) and tbe sample was eluted with phosphate 
buffer (pH 6.5) solution. The flow rate was 1 ml/min. The peak assignment and 
quantification was performed by using standards which were prepared from 1,1,3,3 
tetraethoxypropane.
Liquid Chromatography-Mass Spectrometry (LC-MS)
LC-MS equipment (ThermoFinnigan, San Jose, CA) consisted of a Surveyor MS 
pump, an autosampler with a 20 pi loop, and a PDA/ UV detector. The UV detector 
was set to record at 530, 280 and 450 mn. Mass spectra were recorded in the negative 
ion mode for MDA and positive ion for GLA in the range m/z 240 to m/z 600. Zoom 
scan mode operation by an interfaced LCQ Deca XP plus mass spectrometer fitted 
with an ESI source (ThermoFinnigan) was used to measure the collision induced 
MS/MS spectrum of the adduct form. The software for tbe control of the equipment 
and acquisition and treatment of data was Xcalibar version 1.3. Compound separation
83
was achieved on a 150 x 3 mm column containing Luna 5 pm phenylhexyl packing 
(Phenonemex, Macclesfield, UK.). The chromatographic conditions were: flow rate 
0.3 ml/min, sample injection volume 50 pi and mobile phases A) 2 % acetonitrile, 0.5 
% acetic acid, pH 2.68 and B) 99.5 % acetonitrile, 0.5 % acetic acid. A line gradient 
was used and the run time was 35 min. The spray needle was set to 3.5 kV in the 
negative ion mode. The inlet capillary temperature was maintained at 350 °C, gas flow 
rate 80 arbitrary units and auxiliary gas flow, 10 (arbitrary units). Mass detection was 
performed in the negative mode, for m/z between 200-500. In order to detect the 
TBA: GLA product, more sensitive target MSn experiments were used to seek 
compounds with a particular molecular ion that might otherwise have been 
overlooked e.g m/z 353 (for TBA: GLA).
5.2.2.S. Hexanal determination
The hexanal method was kindly supplied by Masterfood pic (Masterfoods, Central 
Nutrition and Microbiological Laboratories, UK).
Standards preparation
Stock hexanal (0.1 g) was weighed into a 100 ml volumetric flask with cyclohexane. 
Stock isobutyl acetate (0.1 g) was weighed into 100 ml volumetric flask with 
cyclohexane. Internal standard: 2 ml of stock isobutyl acetate (IBA) was pipetted into 
100 ml volumetric flask and was made up to 100 ml with cyclohexane. Working 
standard: 2 ml of both stock solutions hexanal and isobutyl acetate were pipetted into 
a 100 ml volumetric flask and made up volume by adding cyclohexane.
Sample preparation
The sample (10 g) in triplicate was weighed and saturated sodium chloride solution 
(150 ml) and an internal standard, isobutyl acetate (2 ml) were added. The mixture 
was refluxed on a heating mantle for 15 min and left to cool for 15 min. The 
cyclohexane layer was injected into the gas chromatograph. The chromatographic 
conditions were: the run time was 17.60 min and injection volume 4 pi. The retention
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time for isobutyl acetate was approximately 6.2 min and for hexanal 7 minutes. The 
concentration of hexanal was calculated as follows:
sample ratio
x hexanal standard concentration x internal standard amount 
weight of sampleaverage standard
Average standard ratio= average ratio of calibration working standard run.
Internal standard amount = 2 ml.
5.2.3. Statistical analysis
The results are expressed as mean ± SD. Significant differences values were 
assessed with the unpaired Student’s t-test. The significance level chosen for the 
statistical analysis was p<0.05.
In the present work the influence of time (up to 26 weeks) and temperature (-10 °C 
and -80 °C) on lipid deterioration in the presence and absence of green tea antioxidant 
(250 and 500 ppm) produced during the frozen storage of fatty fish, in particular 
mackerel fish, was significant. The results of all experiments indicated an increase in 
lipid oxidation products with storage time; the highest value was observed in the 
sample stored at -10 °C without green tea.
5.3.1. Peroxide Value (PV)
The PV value rose sharply until 16 weeks and then fell dramatically in all samples 
(Figure 5.1). A faster increase in PV values was obtained at -10 °C without green tea 
in contrast to a slow increase at -80 °C (Figure 5.1) confirming previous results (Saeed 
and Howell, 2002). PV values were significantly higher in samples stored at -10 °C 
without green tea'compared with antioxidant treated samples particularly at 250 ppm 
green tea concentration (p<0.05) (Figure 5.1). In contrast, samples mixed with 500 
ppm green tea at -10 °C had higher PV values than the samples treated with 250 ppm
5.3. RESULTS AND DISCUSSION
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which indicated that a low tea concentration is more effective in controlling 
oxidation.; it has been reported that a higher concentration of green tea may act as a 
pro-oxidant (Honglian and Etsuo, 2001). A decrease in the level of primary oxidation 
products is related to hydroperoxide degradation, producing secondary lipid 
peroxidation products (Undeland, 2001).
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Figure 5.1. Peroxide values obtained for mackerel stored: at -80 °C and -10 °C 
in the presence or absence of green tea (250 or 500 ppm) for up to 26 weeks. 
Data represent the mean ± SD of three experiments.
5.3.2. Hexanal content
Hexanal levels rose significantly after 16 weeks in samples stored at -10 °C without 
antioxidant compared with samples stored at -10 °C with 250 ppm green tea (p<0.01) 
(Figure 5.3). There was a major increase (p<0.001) in samples stored at -10°C 
compared with those stored at -80°C. These results confirmed the trend for PV and 
TBARS results and the increasing concentration on storage showed that hexanal is 
one of the final products of lipid peroxidation (Sanches-Silva et al., 2004).
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Figure 5.2. Gas chromatography (GC) profile of hexanal extracted from 
mackerel fish stored at -10°C for up to 4 weeks.
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Figure 5.3. Hexanal concentration in lipids extracted from mackerel stored at - 
80 °C and -10 °C with 0, 250 or 500 ppm green tea for up to 26 weeks. Data 
represent the mean ± SD of three experiments.
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5.3.3. Thiobarbutric acid reactive substances (TBARS)
Overall, there was an increase in the level of TBARS during frozen storage, 
particularly in samples stored at -10 °C compared with -80 °C (p<0.01) or -10 °C in 
the presence of green tea (250 ppm) (p<0.05) (Figure 5.4). After 10 weeks, there was 
a decrease probably due to thiobarbituric acid (TBA)-reactive substances cross linking 
with proteins (Saeed et al., 1999b) (Figure 5.5). As mackerel is a fatty fish the values 
obtained over the whole storage period were relatively high, similar to previous 
studies (Aubourg et al., 1982; Kurade and Baranowslci, 1987; Saeed and Howell, 
2002).
Time (min)
Figure 5.4. HPLC Chromatogram of TBARS extracted from fresh fish.
Storage time (weeks)
Figure 5.5. Thiobarbituric acid test values obtained for mackerel stored for up 
to 26 weeks at -  80 °C and at -10 °C with 0, 250 or 500 ppm green tea. Data 
represent the mean ± SD of three experiments.
5.3.3.1. LC-MS of aldehyde TBA-adducts
TBARS is a common assay used to follow lipid oxidation in foodstuffs (Ladikos and 
Lougovois, 1999) based on spectrophotometric determination of malondialdehyde. 
However, other aldehyde products can react with thiobarbutric acid and thus the 
TBARS method can also be used to assess other aldehydes formed during lipid 
oxidation (Vyncke, 1975). The red chromogen was analysed by LC-MS in full scan 
mode for the identification of aldehyde-TBA adducts. Aldehydes-TBA adducts were 
identified by comparing the retention time (/r) with the standard and confirmed by 
LC-MS. A full scan chromatogram at 200-500 m/z for the parent condensation 
adduct for MDA-TBA is shown in figure 5.6. Absorbance maxima for the parent 
MDA: TBA 1:2 complex was measured at 525 to 530 nm; the results agreed with 
previous studies (Guillen-Sans and Guzman-Chozas, 1998; Janero, 1990; Jardine et 
al., 2002). Identification was based on the negative parent ion at m/z 323 (MS) 
(Figure 5.8a) and subsequent fragmentation pattern consisting of a loss of -  102 mu 
from the parent ion to leave a base peak fragment m/z -121 in MS2 (Figure 5.8b) and
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a loss of -144 mu that gave a base peak fragment -179 in MS3 (Figure 5.8c). 
Possible fragmentation routes are shown in figure 5.7.
Tbe chemical structure of GLA with TBA is illustrated in figure 5.9 and its possible 
fragmentations in figure 5.10. Analysis by MS showed that the parent ion [M -H ]+ 
was within +1 mu of the theoretical value for the fish sample and the standard. The 
GLA: TBA complex fragmented to give product ions of m/z- 335 (MS2) (Figure 
5.11 A) and -194 (MS3) (Figure 5.1 IB).
In this study we have shown the formation of glutaraldehyde in frozen fish for tbe first 
time and confirmed its presence and that of malondialdehyde by LC-MS. Recently, 
the presence of aldehydes in foods including meat has attracted attention because of 
their effect on food quality and safety. Aldehydes including saturated aldehydes such 
as hexanal, formaldehyde and propanal extracted from the headspace by GC analysis 
of fish tissue have been reported (da Cunha Veloso et a l , 2001). In addition, an 
unsaturated aldehyde like malonaldehyde (Saeed and Howell, 2002) extracted from 
fish muscle is a well known lipid peroxidation product, while other unsaturated 
aldehydes, which can be formed from the break down of hydroperoxides, like 
gluteraldehyde, need more investigation. Since fatty fish like mackerel has a high 
content o f polyunsaturated fatty acids, lipid peroxidation products particularly 
aldehydes contribute to rancidity and food deterioration (Tsaknis et a l , 1999), 
including protein aggregation and toughening of fish during frozen storage (Saeed and 
Howell, 2002) and DNA damage. Protein-aldehyde crosslinking results from the 
interaction of aldehydes with e-amino group in lysine, sulfhydryl group of cysteine 
and the imidazole group of histidine (Hoberman and San George, 1988) leading to 
changes in tbe primary structure of proteins tbat induce changes in tbe secondary and 
tertiary structures (Meng et a l , 2005). Changes in protein structure result in changes 
in protein functionality and may ultimately cause extensive cell damage and death 
(Chen et a l , 2002).
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Figure 5.6. Chemical structure for MDA: TBA (1:2) adduct.
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Figure 5.7. Possible fragmentation of MDA: TBA adduct during MS".
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cFigure 5.8. Mass spectra of TBA: MDA obtained from lipid extracted from 
frozen mackerel stored at -10 °C for up to 8 weeks. LC-MS conditions as 
described in experimental section. A: MS-MS spectrum of m/z 323, B: MS2 
spectrum of 221 m/z and C: MS3 spectrum of 178 m/z.
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Figure 5.9. Chemical structure for TBA: GLA adduct.
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Figure 5.10. Possible fragments obtained from parent peak (353 m/z) for GLA: 
TBA adduct formed during collision activated dissociation.
In this study, instant whole green tea at low concentration (250 ppm) was an effective 
antioxidant, this result supports previous findings that natural phenolic compounds are 
effective in preventing rancidity of many lipid systems, in particular fish oils (Medina 
et al., 1999b; Ramanathan, 1992) and minced muscle (Fagbenro and Jauncey, 1994; 
Ikawa, 1998), as well as acting as an anticarcinogenic substances. The biological and 
chemical properties of tea are related to the polyphenols content called catechins 
including (+)-catechin (C), (-)-epicatechin (EC), (-)- gallocatechin (GC), (-)- 
epicatechin gallate (EGC), (-)- epigallocatechin gallate (ECG), (-)-epigallocatechin 
gallate (EGCG) (Ninomiya et al., 1997); the structure comprises OH groups which 
scavenge free radicals generated during lipid peroxidation and chelate metal ions. 
Compared with alpha tocopherol, catechins are reported to have a substantial 
antioxidants effect when they are mixed with cooked meat and fish products (Tang et 
al., 2001b; Tang et al., 2001a; Tang et al., 2002) due to protection or regeneration of 
alpha tocopherol which already exists in the meat or in the fish muscles. Moreover 
green tea extracts were found to be good antioxidants, more effective than rosemary, 
in canola oil, pork lard and chicken fat heated to 100 °C (Chen et al., 1998) and had a 
higher antioxidant activity than that of vitamin C and E. However, as our results 
show, a high level instant green tea of 500 ppm was not as effective as 250 ppm for 
reducing peroxidation of unsaturated fatty acids.
i
94
A65^
60“
8 : a 551
§ 50“ 1
1  45H
MS2
302,9 30? 9
Figure 5.11. Mass spectra of TBA: GLA obtained from lipid extracted from 
frozen mackerel stored at -10 °C for up to 16 weeks. A: MS2 spectrum of 335 
m/z, B: MS3 spectrum of 194 m/z.
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In addition, it has been pointed out that a high concentration of tea induce apoptosis 
in many type of cells (Chen et a l, 2002; Razat and John, 2005; Zho et a l, 1989). The 
effect of antioxidants depends on many factors such as mixing ability, activity in 
different lipid systems, and stability at tbe time of processing (Giese, 1996; Houlihan 
and Ho, 1985). We have shown that whole instant green tea used at the right 
concentration may delay or inhibit lipid oxidation and can be used as natural 
antioxidants in raw minced fatty fish tissue to enhance preservation. Further studies 
on ascertaining optimum levels of green tea including polyphenol fractions for food 
preservation and their effect on safety using cultured human cells is underway.
5.4. CONCLUSION
Lipid peroxidation products particularly aldehydes contribute to rancidity and food 
deterioration, toughening of fish during frozen storage as well as protein and DNA 
damage via erosslinking. In this study we have shown the formation of glutaraldehyde 
in frozen fish for the first time and confirmed its presence and that of 
malondialdehyde by LC-MS. Green tea used at the right concentration may delay or 
inhibit lipid oxidation and can be used as natural antioxidant in both food preservation 
and medical applications. However, studies on optimum levels of green tea require 
further investigation.
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C H A P T E R  S IX
6. FORMATION OF 4-HYDROXYNONENAL (4-HNE) IN 
FROZEN MACKEREL {SCOMBER SCOMBRUS) IN THE 
PRESENCE AND ABSENCE OF GREEN TEA.
6.1. INTRODUCTION
4- Hydroxynonenal (HNE) is a very reactive molecule due to the presence of 
hydroxyl groups, and a conjugated system consisting of a C=C double bond and a 
carbonyl group (Figure 6.1).
O
O H
Figure 6.1. Chemical structure of 4-hydroxynonenal
HNE is considered to be a major biomarker for lipid peroxidation (Montine et al., 
2005; Fessel et al., 2002) that is produced from the degradation of oxidized co-6 poly­
unsaturated fatty acids such as arachidonic, linoleic and y  -linolenic acids (Esterbauer 
et al., 1991; Uchida, 2003). HNE is also a marker of food decomposition including 
oil degradation and meat deterioration (Zarkovic, 2003).
In meat or fish tissue, 4-hydroxynonenal (HNE) may be present in free or bound form 
and as a metabolic product. HNE is potentially able to undergo a number of reactions 
with proteins, phospholipids, and nucleic acids especially with their amino and thiol 
groups. HNE can react with cysteine, histidine and lysine, which may be either free 
or protein bound via 1,2 and 1,4-Michael additions to the C=C bond (Nadkami, 1995;
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Wade, 2003). The amino acid-aldehyde adduct still has free aldehydic and hydroxyl 
groups which may react with primary amino groups to form Schiff bases.
The reactive aldehydic products resulting from lipid peroxidation contribute to off- 
flavour and toxicity in food products. 4-Hydroxynonenal (4-HNE) is the most 
cytotoxic lipid aldehyde produced from lipid peroxidation (Benedetti et al., 1980) and 
contributes to several diseases, including atherosclerosis, oxidative stress (Uchida,
2003), and Alzheimer’s (Sayre et al., 1997; Takeda et al., 2000). The HNE toxicity 
arises because of its reactivity toward proteins and DNA (Szweda et al., 1993; Ji and 
Kozak, 2001). Consequently, the properties and functions of proteins and DNA are 
changed (Musatov et al., 2002). Many studies indicate that cytotoxicity of HNE 
toward a variety of cells including neurons and tumor cells (Kruman et al., 1997; 
Bruce-Keller et al., 1998) owing to the activation of caspases, which are a well known 
apoptosis protein marker. In addition, HNE modulates the expression of many genes 
like c-myc and transformation growth factor (31 gene (Uchida K., 2003). Aldehyde- 
protein interaction reduces food quality in terms of texture deterioration and loss in 
nutrient value. Therefore, it is important to fully characterize the reactivity of 4-HNE 
toward protein nucleophiles and determine the cellular targets of this lipid aldehyde. 
The cytoxicity effect of HNE depends on its concentration (Esterbauer, 1993a).
Ways of inhibiting lipid oxidation in fish and fish products include low temperature 
and antioxidants. Consumers and the food industry prefer to use natural instead of 
synthetic antioxidants (Houlihan and Ho, 1985; Medina et al., 1999; Ramanathan, 
1992). Natural phenolic compounds are reported to be effective in preventing 
rancidity in many lipid systems, in particular fish oils (Medina et al., 1999b; 
Ramanathan, 1992) and minced muscle (Badii and Howell, 2002b; Fagbenro and 
Jauncey, 1994; Ikawa, 1998). Among natural antioxidants, green tea was found to be 
a good antioxidant and beneficial in reducing oxidative stress related diseases. Green 
tea comprises polyphenolic compounds (Wiseman et al., 1997), which act as 
antioxidants by scavenging free radicals and chelating metals, and modulating 
specific enzymic reactions (Ramos-Nino, 1999). Tea polyphenols especially 
catechins (Figure 6.2), trap lipid peroxyl radicals by donating hydrogen atoms from 
free hydroxyl radicals on the B-ring thus forming phenoxy radicals. The presence of 
C2-C3 double bond in conjugation with the C4 carbonyl group on the C-ring
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strengthens radical scavenging by stabilizing phenoxyl radicals via delocalization 
from phenoxy radicals on the B-ring to the C-ring (Bors et a l,  1990). However, 
prooxidant effects of tea polyphenols may also occur (Frankel, 1998; Honglian and 
Etsuo, 2001).
OH
Figure 6.2. Chemical structure of green tea catechins .EC: (-)-epicatechin R’= H, 
R” =H; EGC: (-)-epigallocatechin R’=OH, R,,=OH; ECG: (-)-epicatechin gallate 
R’=X, R” =H; EGCG: (-)-epigallocatechin gallate R ’=X, R” =OH
This paper investigated the efficacy of instant green tea to control lipid oxidation and 
decrease degradation products like HNE in frozen stored Atlantic mackerel.
6.2. MATERIALS AND METHODS
6.2.1. Materials
HNE standard was obtained from CalBiochem (San Diego, USA). Solvents used for 
solid phase extraction and chromatographic analysis (analytical grade), BHT, Methyl 
linoleate and desferal (desferrioxamine) were obtained from Sigma-Aldrich Chemical 
Co. Ltd UK. Instant green tea was provided by Tokyo Niklcen Foods Co. Ltd. Japan.
6.2.2. Methods
6.2.2.I. Sample preparation
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Atlantic mackerel (5 kg), purchased from M & J Seafood, Farnham, UK, were 
deboned and filleted. In order to facilitate mixing of antioxidants, the fillets were 
minced and instant green tea (Japanese green tea) was gradually and gently mixed by 
hand. Minced samples were stored at -10°C with and without antioxidant (250 and 
500 ppm), and a control sample (without antioxidant) at -80 °C for up to 26 weeks. 
Tests were conducted at time zero, and subsequently at 4, 8, 16 and 26 weeks of 
storage to investigate HNE formed as a result of lipid oxidation during frozen storage.
6.2.2.2. Lipid extraction
Lipid was extracted from fresh minced mackerel by the Bligh and Dyer method as 
modified by Saeed and Howell (1999a). Fish tissue was homogenised with methanol 
and chloroform (2:1) for 4 min. The fish homogenate was centrifuged for 10 min at 
3000 x g . The lower chloroform phase containing the lipid was filtered and 
chloroform was evaporated. The extracted oil was stored under nitrogen at -80 °C for 
further analysis.
6.2.2.3. HNE extraction
HNE was extracted according to Lang, et.al (1985). This method is based on the 
extraction of free HNE, as aldehydes are difficult to extract from tissues where they 
are covalently bound in Schiff bases.
Oxidized methyl linoleate
Fresh methyl linoleate (lg) was irradiated by UV light for 24, 48 and 72 hours. 
Oxidized ML (10 mg/ml) was dissolved in dilute HC1 (0.5 M) and was applied onto 
disposable octadecyl silica gel column (ODS).
Oxidized fish oil and extracted oil from stored mackerel
Extracted fish oil which was oxidized by UV irradiation for 72 hours or extracted fish 
oil from stored mackerel (1 g) was shaken with 20 ml deionised water containing 0.1 
v % BHT and 1 v % desferal for 20 min using a horizontal shaker. This procedure
100
was repeated three times. Thereafter, about 30 ml of sample was collected and 
centrifuged at 5000 x g  for 5 min. The aqueous layer was applied onto an ODS 
column.
Solid phase extraction
The ODS extraction disposable columns were conditioned and equilibrated with 3 ml 
methanol and 3 ml deionised water. Petroleum ether (15 ml) was added to remove 
non-polar materials. HNE was eluted with 2 ml methanol and a stream of nitrogen 
was used to evaporate off the petroleum ether. The dry sample was redissolved in 
lml methanol acidified by 0.1 % formic acid. HNE was expressed as mg of HNE/Kg 
of lipid.
6.2.2.4. HPLC system
The HPLC system comprised a dual piston delivery pump (P22000 pumps), 
autosamplers and detectors (Thermofinnegan, UK), chromatography management 
software, and a 50 pL loop. Samples (50 pL) were separated on an ODS column (5 
pm Spherisorb S50DS2, 4.6 x 250 mm) (HiCHROM) with 60:40 v/v water and 
acetonitrile at 1 mL/min and detected at 220 nm. The peak quantification and 
assignment were made with reference to a chromatogram of standard HNE. The 
chemical structure of the HNE peak was determined by LC-MS.
6.2.2.5. LC-MS procedure
Analysis was undertaken by LC-MS equipment (ThermoFinnigan, San Jose, CA), 
equipped with a PDA/ UV detector. An ESI source (ThermoFinnigan) was used to 
measure the collision induced MS/MS spectrum of the adduct form, run in a positive 
mode. Column conditions were as described above. The spray needle was set to 3.5 
kV. The inlet capillary temperature was maintained at 350 °C, nitrogen gas flow rate 
80 arbitrary units and auxiliary gas flow, 10 (arbitrary units).
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6.2.3. Statistical analysis
The results are expressed as mean ± SD. Significant differences values were 
assessed with the unpaired Student’s t-test. The significance level chosen for the 
statistical analysis was p<0.05.
6.3. RESULTS AND DISCUSSION
HNE formation in biological systems has attracted attention due to its toxicity impact 
and food rancidity. However, HNE is an important aldehyde resulting from lipid 
peroxidation that requires detailed investigation, especially in frozen food. HPLC 
chromatogram for HNE content in oxidized methyl linoleate samples UV oxidized for 
0, 24, 48 and 72 h are shown in figure 6.3.
Using authentic standards to identify the position of the HNE, it was shown that the 
peak eluted at 8 minutes corresponded to the free HNE (Figure 6.5). Figure (6.3) 
shows the HPLC chromatogram of HNE produced from methyl linoleate and fish oil 
prior to their oxidation under UV light. In accord with previous published results 
(Oarada et al., 1986), a gradual increase in the amount of HNE resulted from oxidized, 
methyl linoleate with UV oxidation time ( Figure 6.3). In the unoxidized ML, the 
amount of HNE was 0.001 ± 0.0001 pmol/mg. In contrast, the highest HNE level was 
observed (P<0,05) in samples exposed to 72 h UV radiation (0.75 ±0.13 jumol/mg) 
compared to 24 (0.015 ± pmol/mg) (p<0.01) or 48 (0.15 ± 0.003 pmol/mg) (p<0.05) h 
or 72 h irradiated fish oil produced (0.4 ± 0.05 pmol/mg) (p<0.01) which is expected 
as a result of a rise in oxidation rate.
HNE produced in oil samples extracted from frozen mackerel stored at -80 °C and -10 
°C with and without green tea antioxidant for up to 26 weeks, showed peaks 
corresponding to free HNE after 8 min elution time (Figure 6.5), None of the samples 
stored at -80 and -10 °C, with and without green tea showed a significant change in 
the amount of HNE up to 15 weeks of frozen storage. Thereafter, the value rose 
dramatically for up to the end of storage (26 weeks) (Figure 6.6). After 26 weeks of
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frozen storage, there was a substantial increase in HNE level in samples stored at - 
10°C without antioxidant compared to sample stored at -80 °C (p<0.01) (Figure 6.6).
UV2000-ML-
Figure 6.3. HPLC chromatogram of hydroxynonenal from methyl linoleate 
oxidized by UV irradiation for 24, 48 or 72 h and fish oil oxidized by UV 
irradiation for up to 72 h.
6.3.1. Effect of green tea antioxidant
The effect of green tea concentration (250 or 500 ppm) on HNE formation indicated 
interesting results. Samples stored at -10°C without antioxidant indicated a significant 
increase in the HNE value compared with samples mixed with 250 ppm (p<0.05) or 
500 ppm (p<0.03) of green tea after 26 weeks storage (Figure 6.6). However samples 
stored at -10 °C containing 500 ppm green tea were less effective in controlling lipid 
oxidation compared with those treated with 250 ppm of green tea.
Fish samples stored up to 26 weeks at -10 °C showed a high level of HNE 0.45 ± 0.02 
mg/kg compared with samples treated with 250 and 500 ppm green tea resulting in 
0.15 ± 0.001 mg/kg and 0.25 ± 0.005 mg/kg HNE in fish respectively.
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A detailed analysis of HNE produced during frozen storage of mackerel was carried 
out by using a highly sensitive LC-ESI-MS-MS technique. Analysis of full scan 
MS/MS in positive mode revealed the presence of an intense ion at 171 m/z while the 
ion at 157 m/z disappeared (Zanardi et al., 2002). The chemical structure of 156 and 
171 m/z and the proposed mechanism of 171 m/z formed from acidic solution HNE is 
illustrated in figure 6.8. MS2 analysis of base peak (171 m/z) showed ions at 139, 155 
and 87 m/z (Figure 6.7 and 6.9) which confirm the proposed fragmentation 
mechanism.
6.3.2. Mechanism and significance of HNE formation in stored mackerel
Mackerel has a high content of polyunsaturated fatty acids (24.8 %) including 
linoleic, linolenic, EPA and DHA (Saeed and Howell, 1999a) which provide abundant 
substrate for forming HNE. Lipid hydroperoxides formed enzymatically and non- 
enzymatically decompose to various adducts including aldehydes such as HNE 
(Schneider et al., 2001). It has been suggested that HNE can be formed from co-6- 
polyunsaturated fatty acids (Pryor and Porter, 1990) such as linoleic and arachidonic 
acid. Abstraction of hydrogen from bis-allelic sites of linoleic acid generate free 
radicals and react further with oxygen molecule forming 13 S-hydroperoxy-9Z,llE- 
octadecadienoic acid (13S-HPODE) which decompose to 4~Hydroperoxy-2E-nonenal 
(4-HPNE) and 9-oxo-nonanoic acid by the Hock rearrangement between C 9 and CIO 
(Seon et al., 2005). 4-HPNE reduction leads to HNE formation (Figure 6.4). 
Arachidonic acid yields the most HNE compared to other fatty acids (Esterbauer et 
al., 1986). HNE in the tissue may be present in free or bound form and as a metabolic 
product.
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Figure 6.4. Proposed mechanism of HNE formation from X3-HPODE (Seon et 
a l,  2005).
Aldehdye lipid peroxidation products including 4-HNE have been associated with 
reduced foodstuff quality particularly the texture and flavour, by interacting with 
many amino acids in the protein backbone (Bolgar and Gaslcell, 1996; Isom et a l,
2004). 4-HNE in aqueous solution reacts with Cys, His and Lys residues via the 
Michael addition to yield an adduct that cyclizes to a hemiacetal, and the equilibrium 
was found to favour the rearrangement to the cyclic hemiacetal (Esterbauer et a l, 
1991; Nadkami and Sayre, 1995). The 4-HNE protein adduct has a free aldehyde that 
reacts with protein imines resulting in protein cross-linking and aggregation which 
may contribute to changes in texture and toughness. However, cyclization of the 
hemiacetal adduct can minimize those consequences.
In terms of food safety, the cytotoxicity of HNE depends on the level present in food. 
The results obtained from this study indicated a low level of HNE production that is 
in agreement with previous published data (Sakai and Kuwazuru, 1995) due to a low 
percentage of co6 PUFA compared with meat (Munasinghe et a l, 2003; Sakai and
Kuwazuru, 1995; Sakai et a l, 1998). Nevertheless, a low concentration of HNE can 
be also involved in many diseases including cardiovascular disease (Uchida, 2000). 
Moreover, other aldehydes such as malonaldehyde, glutaraldehyde and hexanal are 
also produced from lipid peroxidation in stored frozen mackerel (Alghazeer and 
Howell, 2007a). Therefore, a combination of these aldehydes with HNE can lead to 
adverse consequences in both quality and the nutritional value of stored fish.
6.4. CONCLUSION
Toxic aldehyde HNE can be formed in badly stored frozen mackerel and can be used 
as a marker for reduced texture quality and nutritional value of fish. Addition of 
instant whole green tea provides a cheap, effective way of enhancing safety especially 
in developing countries; green tea polyphenols have a protective effect against lipid 
peroxidation induced toxicity based on their antioxidative ability, through scavenging 
free radicals. However, in the present study, we demonstrated that a higher- 
concentration of green tea (500 ppm) was less effective in reducing HNE production 
(p<0.05) compared with a low concentration (250 ppm) of green tea which minimized 
HNE formation (p<0.05). Considering the toxicity and reactivity of HNE, it is 
important to investigate the accumulation and reaction mechanisms of HNE 
production in fish and other food products generally in terms of cross linking with 
proteins which causes aggregation and toughness; reduction of nutritional value and 
increase in cytotoxicity. This will be investigated in the next chapter.
106
CT
ed
7  8  9
Time (min)
Figure 6.5. HPLC Chromatogram of HNE. (A) standard (5 pM) and (B) 
oxidized oil extracted from frozen mackerel stored up to 26 weeks at -10 °C. 
Separation conditions as described in methods section.
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Figure 6.6. HNE obtained from mackerel stored at -80 °C and -10 °C with 0, 250 
or 500 ppm green tea for up to 26 weeks. Values given as mean ± standard 
deviation.
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Figure 6.7. MS2 product ion spectrum of MH+ 171 to 139 m/z and for HNE 
extracted from frozen mackerel stored at -80 °C or -10 °C with and without 
antioxidant for up to 26 weeks. Separation conditions are mentioned in the 
methods section.
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Figure 6.8. The proposed mechanism of formation of base peak 171 m/z 
produced from acidified HNE in the presence of methanol
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Figure 6.9. Chemical structures of base peak (171 m/z) and its possible 
fragmentation
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C H A P T E R  S E V E N
7. INVESTIGATION OF ALDEHYDE-PROTEIN 
INTERACTION
7.1. INTRODUCTION
Proteins are important functional components that are extensively used in 
biochemical, pharmaceutical and food applications (Damodaran, 1996). 
Modification of protein by lipid peroxidatation products including free radical and 
aldehydes have been intensively studied (Ozeki et al, 2005; Saeed et a l, 2006; 
Uchida, 2003). Aldehyde lipid oxidation products result in off-flavour, rancid odour 
and discoloration in meat (Fogetty et a l, 1989).
Aldehydes such as hydroxynonenal and malondialdehyde are often measured as 
indicators of in vivo oxidative stress (Refsgaard et a l, 2000) and hexanal is a final 
lipid peroxidation product that is commonly recognized as a marker of food quality 
(Ulberth and Roubicek, 1995; Gary and Monahan, 1992).
7.1.1. Free radicals
Lipid peroxidation products (primary and secondary) can react with protein causing 
protein oxidation (Kikugawa et a l, 1991; Reyftmann et a l, 1990). Free radicals 
were clearly shown to transfer onto proteins by ESR spectroscopy peroxyl radicals 
abstracted H from the protein to fonn protein radicals (Saeed et a l, 1999b). Protein 
free radicals form when proteins react with oxygen forming protein-peroxyl PO2 that 
finally results in scission; these protein radicals can transfer a radical to another 
protein or to a lipid molecule. Finally, protein free radicals interact with another 
protein free radical forming protein-protein cross links (Zamora et a l, 2000; Saeed et 
al, 2006), In addition, protein-protein cross-links may result from the interaction 
between protein and lipid oxidation products (hydroperoxides or aldehydes) which 
either modifies proteins or cause cross-linking. Proteins can react with lipid 
peroxidation adducts via covalent and non covalent interactions through nitrogen or
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sulphur centres (Aubourg, 1999; Kikugawa et a l, 1991) or oxygen (Saeed et a l, 
1999b) in reactive amino acids.
7.1.2. Protein-aldehyde cross-linking
Aldehydes are strong electrophilic compounds that are able to react with nucleophilic 
sites of many maeromolecular compounds e.g proteins via amino, thiol and 
imidazole groups (Esterbauer et a l, 1991). Carbonyl derivatives can be formed as a 
consequence of interaction of some amino acid side chains with lipid oxidation 
products, such as 4-hydroxy-2-nonenal (HNE) (Nadkami and Sayre, 1995). Firstly 
the reaction of aldehydes via a double bond with lysyl, histidyl or sulfhydryl groups 
of proteins yields derivatives possessing an aldehyde function (Figure 7.1). Secondly 
the reaction of one of the two aldehyde groups of the lipid peroxidation product, 
malondialdehyde, with lysine amino groups of proteins yield a Schiff base 
possessing a carbonyl function. Carbonyl group formation in the proteins can then 
further generate cross-linking between lipid and protein molecules.
In the first reaction, proteins cross link with aldehydes via the amino group of lysine 
residues (Beppu et a l, 1988) to form fluorescent compounds (Itakura et al, 1996) 
(Figure 7.2). Kikugawa (1991) proposed that the formation of fluorescent
compounds resulting from the reactive lipid peroxyl radicals (ROO‘) or (RO*) that
react with tyrosine or lipid peroxidation products (aldehydes) that react directly with 
amino groups of amino acids (Figure 7.3).
I l l
PUFA — ^  \ V \
HNE
OH °
OH °
Figure 7.1. Protein carbonyl adducts produced by the reaction with the lipid 
peroxidation product, 4-hydroxynonenal. (P-NH2, c-amino group of a lysine 
residue in protein; PUFA, polyunsaturated fatty acid; HNE, hydroxynonenal; 
P-SH, sulfliydryl group of a cysteine residue in protein; P-His, imidazole group 
of a histidine residue in protein.
It has been reported that lipid peroxidation products can react with proteins 
producing different compounds which influence food quality (Saeed and Howell, 
2002) and cause amino acid destruction which contributes to food flavour (Hidalgo 
and Zamora, 2004; Zamora et a l , 2005), but may reduce nutritional quality. 
Furthermore, protein-lipid peroxidation products induce changes in protein structures 
(Meng et al, 2005) as well as alteration in enzymatic activities and inhibition of 
protein synthesis, that result in protein cross-linking. Protein-aldehyde interactions 
are implicated in the pathogenesis of numerous diseases such as atherosclerosis, 
diabetes, cancer, aging and Alzheimer's diseases (Halliwell and Gutteridge, 1989; 
Vollcel et a l , 2006). In contrast, cross-linking of proteins has wide applications such 
as X-ray analysis, operational stability of enzymes in industrial processes, protein 
gelation with transglutaminase or with glutaraldehyde that is used in protein fixation 
(Nicolas et a l , 1997).
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Figure 7.2. Chemical structure of the fluorescent MDA-lysine adduct (Itakura et 
al., 1996)
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radicHl reaction
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NH,
-amino group of Lys
Fluorescence
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a-amino group of amino acids
Figure 7.3. Proposed mechanism of interaction between lipid peroxidation 
products and amino acids of protein (Kikugawa et al., 1991).
7.1.3. Formation of Schiff bases and Michael adducts
The second type of interaction between protein and oxidized lipid results in the 
formation of Schiff bases and Michael adducts. Lipid peroxidation generates lipid 
peroxides that decompose to different compounds including aldehydes such as 
hexanal (HEX), malondialdehyde (MDA), glutaraldehyde (GLA) and 4- 
hydroxynonenal (HNE) (Figure 7.4).
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Malondialdehyde Glutaraldehyde 4-Hydroxynonenal
Hexanal
Figure 7.4. Chemical Structure of aldehydes resulting from lipid hydroperoxide 
degradation.
The aldehyde-amino acid reaction (condensation reaction) occurs between an 
electrophilic carbon on aldehydes and a nucleophilic group on protein, like the amino 
group of lysine, imidazole group of histidine or sulfhydryl group of cysteine (Xu et 
al, 1999) (Figure 7.6). Long chain aldehydes showed strong binding to protein 
(Andriot et a l, 2000). Amino acids like lysine, histidine and cysteine can further 
interact with Schiff bases or Michael addition products forming both infra- and 
intemiolecular cross-links (Liu et a l, 2003). After lysine interacts with aldehyde to 
form a Schiff base, Michael addition of side-chain nucleophiles (cysteine and 
histidine) can also occur (Nadkami and Sayre, 1995) (Figure 7.5).
Figure 7.5. Formation of cross-links between 4-hydroxynonenal and different 
amino acids with Schiff base and Michael addition products (Nadkarni and 
Sayre, 1995).
Lys^ amirio Lys lamina Lp lamina
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In this chapter, the aim was to investigate how lipid peroxidation products 
(aldehydes) can modify proteins and affect protein structure and stability. The extent 
of modification was assessed by using different techniques such as Raman 
spectroscopy, rheometry, LC-MS and DSC in order to assess the changes in structure 
and properties. Bovine serum albumin (BSA) was used as it is well-characterized. 
BSA comprises a single-chain of 582 amino acids (Table 7.1) and has a molecular 
weight of 66,267 Da (Brown, 1975); BSA is a globular non-glycoprotein stabilized 
by 17 disulphide bonds, one free sulphydryl group at position 34 and two 
tryptophans Trp-134 and Trp-214, Trp-134 is more exposed to a hydrophilic 
environment, whereas Trp-214 is deeply buried in the hydrophobic loop (Brown, 
1975; Hirayama et a l, 1990; Reed et a l, 1980).
Ala 48 Cys 35 Asp 41 Glu 58
Phe 30 Gly 17 His 16 lie 15
Lys 60 Leu 65 Met 5 Asn 14
Pro 28 Gin 21 Arg 26 Ser 32
Thi* 34 Val 38 Trp 3 Tyr 21
Table 7.1. Amino acid composition of one molecule of BSA (Brown, 1975; 
Hirayama et a l , 1990; Reed et a l , 1980).
7.2. MATERIALS AND METHODS
7.2.1. Materials
Bovine serum albumin 98 %, glutaraldehyde, 3, 3, 3-tetraethoxy propane (TEP) and 
hexanal, o- phthaldialdehyde (OPA), and sodium borate were obtained from Sigma- 
Aldrich (Ltd, Poole, UK). HNE standard was obtained from CalBiochem (San 
Diego, USA).
7.2.2. Methods
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7.2.2.1. General procedures
Ultraviolet absorption spectra were measured with a spectrophotometer (Kontron, 
Chichester, UK); change in texture were assessed with a Rheometrics Constant 
Stress 200 rheometer (Rheometrics, Leatherhead, Surrey, UK), protein denaturation 
and thermodynemics were investigated with a Setaram Micro DSC VII (Setaram, 
France), changes in molecular structure were assessed with a Perkin- Elmer System 
2000 FT-Raman spectrophotometer, and by liquid chromatography-mass 
spectroscopy (LC-MS) using a Micromass LCT TM (Micromass Ltd., Machester, 
UK).
1.2.2.2. Sample preparation
Modification of the protein by aldehydes (MDA, HEX, HNE, or GLA) was 
performed by incubating BSA 10 % (w/v) with 10 mM of MDA, HEX, GLA or HNE 
in 10 ml distilled water at 37 °C for 72 h. MDA was prepared using 16.4 ml of 
tetramethoxypropane and 20 ml of 12 N HC1 which were mixed and incubated for 
1.5 min to prepare 0.2 M stock solution. The pH was adjusted to 7.0 before the 
solution was mixed with BSA.
7.2.2.3. Differential scanning calorimetery (DSC)
DSC measurements were made using a Setaram Micro DSC VII. Sample containers 
were filled with approximately 800 mg of protein and a reference container of 
distilled water was adjusted within ±0.1 ml of the same weight. The sample was 
scanned from 20 °C to 90 °C at a heating rate of 0.5 °C/min. Heat absorbed or 
released by the transformation of the samples resulted in an endothermic or 
exothermic peak as a function of temperature. The temperature attained when half of 
the sample is transformed is referred to as the transition temperature (Tm) and was 
measured at the tip of the peak. The transition temperature and peak area showing 
enthalpy change (AH) was calculated automatically.
7.2.2.4. FT-Raman spectroscopy
See section 4.2.2.2.
116
1.2.2.5. Small deformation rlieological test:
Small deformation rlieological analyses of a mixture of BSA (10 %) with 10 mM 
aldehyde (MDA, HEX, GLA or HNE) were conducted on a Rheometrics controlled 
stress rheometer 200 using 40 mm parallel plate geometry with a gap of 0.3 mm. The 
temperature pettier plate was programmed to ramp, at a rate of 2 °C min'1, from 20 to 
90°C. After the temperature of the sample reached 90 °C, the peltier plate was cooled 
to 20 °C at a rate of 2 °C min'1. The elastic modulus G’ was noted at 20 °C before 
heating, at 90 °C and after cooling at 20 “C.
7.2.2.6. Lysine availability measurement
Lysine availability was determined according to Bertand-Harb et al. (1993), as 
described below.
o- Phthaldialdehyde (OPA) reagent preparation
The OPA solution was prepared by mixing 25 ml of 0.1 sodium borate, 2.5 ml of 20 
% SDS, 40 mg of OPA (dissolved in 1 ml methanol) and 100 pi of beta- 
mercaptoethanol and the volume was adjusted to 50 ml with deionised water. This 
reagent was prepared fresh before use.
Sample preparation
Protein sample (50 pi) containing 2 mg/ml protein was mixed with 1 ml of OPA into 
a 1.5 ml cuvette. The sample was incubated for 2 min at room temperature, and then 
the absorbance was read at 340 nm against water. The amount of lysine was 
calculated from a standard curve established by using lysine standard (0.25-2 mM).
1.2.2.1. LC-MS procedure
Liquid chromatography
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Liquid chromatography was carried out by Waters Alliance system (Waters 
Corporation, Millford, MA, USA) equipped with a solvent delivery system, online 
degasser, peltier-cooled autosampler (set at 4 °C), connected with Micromass LCT 
TM detector (Micromass UK Ltd., UK). Chromatography was performed at room 
temperature using a 0.2 ml/ min flow rate and 100 pi injection volume. The samples 
were separated using a Waters Alliance 2690 separation module (Waters 
Corporation, Millford, MA, USA). Solvent A was 0.1 % TFA in 95 % water and 5% 
acetonitrile; solvent B was 0.1 % TFA in 95 % acetonitrile and 5 % water. Sample 
solutions (50 pi) were separated on a Jupiter 5 u C5 300 A column (150 x 2.00 mm 5 
micron) (Phenomenex, Macclesfield, UK) using a 25 min linear gradient as described 
in the table below and was monitored at 532 mn.
Time A % B %
0 95 5
3 95 5
16 0 100
18 0 100
19 95 5
20 95 5
Mass spectroscopy
The unmodified and modified BSA samples were analyzed by a Micromass LCT TM 
(Micromass UK Ltd., Manchester, UK) using time of flight (TOF) detector. Mass 
with positive ion mode electrospray ionization was used for quantification of 
samples. Direct injection of sample solution was undertaken and manual tuning 
parameters were: desolvation gas temperature 250 °C; source temperature 80 °C; 
capillary voltage 3000 V; sample cone voltage 35 V; extraction cone voltage 4 V. 
The resulting spectra were analyzed by Masslynex soft ware (Waters, Corp, Elstree, 
UK).
7.2.3. Statistical analysis
Data are expressed as mean ± SD. Analysis of variance (ANOVA) was used to 
measure significant differences (p < 0.05) between treatments.
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7.3. R E S U L T S  AND D IS C U S S IO N
7.3.1 Reaction with free amino groups (loss of lysine residues)
Modification of free or amino acids residues in protein either by direct oxidation 
(Stadtman and Levine, 2003) or oxidation products such as free radical (Saeed et al., 
1999b) and aldehydes (Ichihashi et al., 2001) has been reported. Reactive aldehydes 
can damage cells due to their ability to covalently modify biomolecules that can 
influence cellular functionality and ultimately cause many diseases (Esterbauer et al., 
1991; Esterbauer, 1993b; Uchida, 2000; Uchida, 2003). In addition aldehyde-protein 
interaction can affect the nutritional and organoleptic quality of food products 
(Gerrard and Brown, 2002).
□ 4h
■ 12h
□ 24h
□ 48 h
■ 72 h
Figure 7.6. Effect of aldehyde on lysine availability. BSA (10 % w/v in distilled 
water) incubated with 10 mM of HNE, GLA, MDA or HEX for up to 72 h at 37 
°C. Results are expressed as mean ± SD. Significant difference from control 
and treatments was measured by ANOVA, p<0.05.
Incubation of BSA in the presence of aldehyde decreased some amino acids such as 
lysine, histidine, cystine and arginine (Uchida, 2000). In this study, the amount of 
lysine that reacted with aldehydes was determined as it is a good index for protein 
damage. Figure 7.6 shows the effect of aldehyde (HNE, GLA, MDA or HEX) on 
BSA that resulted in the loss of the free amino groups of lysine after 72 h incubation 
due to the formation of pyrrole rings in lysine residues (Figure 7.5). There were
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significant differences in the loss of lysine between control and samples containing 
GLA (p<0.001), HNE (p<0.001), MDA (p<0.05) but no significant change in the 
sample incubated with HEX (p<0.06) after 72 h incubation. Although the results 
indicated no significant differences in the level of unavailable lysine in each sample 
during the period of incubation, there was a significant difference in lysine 
availability between all treatments. For example after 72 h, there was a substantial 
difference between HNE and HEX (p< 0.001), and MDA (p<0.003); in contrast, 
there was no difference between HNE and GLA (p<0.1). The order of aldehyde 
reactivity with lysine was found to be HNE> GLA> MDA> HEX. Thus the presence 
of aldehydes increased the rate of crosslinking or modification. The reactivity of 
HNE towards protein via interaction with many amino acids has been reported in 
medical studies (Fenaille and Guy, 2003). The HNE reactivity may be related to 
lysine residues that can react with HNE to form a Schiff base adduct and also react 
by Michael addition to the double bond of HNE (Refsgaard et a l, 2000). The 
decrease in the free amino group of lysine was accompanied by an increase in 
browning that suggests protein cross-linking via the reaction of the free amino 
groups in lysine with the carbonyl group in the aldehyde to produce imines which 
have a brown colour. Our results concur with previous findings (Hidalgo and 
Zamora, 2002; Refsqaard et a l, 2000) that revealed decreased lysine residues in BSA 
as a result of interaction between secondary lipid peroxidation products of oxidized 
methyl linoleate.
Beside lysine, aldehydes can also react with other amino acids such as histidine and 
cysteine by Michael addition mechanism or Schiff base crosslinks (Uchida, 2003). 
For instance, the mechanism of reaction of cystine and histidine amino acids with 
HNE adducts have an hemiacetal structure via the Michael reaction that are stable 
and do not undergo further reactions whereas, reaction with lysine residues, result in 
both pyrrole and fluorescent HNE-lysine cross-linking adducts (Itakura et a l, 1998). 
MDA can also react by addition to primary amines, producing Nf-(2-propenal)lysine 
(Figure 7.7) (Chio and Tappel, 1969). MDA also forms some fluorescent products, 
such as the dihydropyridine-type adduct (DHP-lysine), a model of fluorescent 
components in lipofuscin (Slatter et al, 1998). Glutaraldehyde and hexanal modified 
protein has been also reported (Monsan et a l, 1975; Reinheckel et al, 1998).
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Figure 7.7. The structure of amino acid adducts with aldehydes derived from 
lipid peroxidation (Uchida, 2000).
7.3.2. Effect of presence of aldehydes on protein structure
7.3.2.I. Raman spectroscopy
The Raman spectra of proteins provide important information on the conformation, 
ionization, hydrogen bonding, and hydrophobic interaction in terms of a shift in the 
wave number and change in intensity of Raman bands in table 7.2.
It is well known that even minor structural changes may cause dramatic changes in 
protein structure and therefore its properties. The spectrum of BSA alone and BSA 
mixed with aldehydes (Figure 7.8) indicated changes in the relative intensity of many 
bands and also small shifts in wave numbers, assignments of which are summarized 
in table 7.2.
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Figure 7.8. FT-Raman spectra (600-1800 cm'1) of (a) 10 % BSA solution 
(control) and BSA incubated for 72 h at 37 °C with 10 mM aldehyde at pH 7: 
(b) HEX, (c) MDA, (d) GLA and (e) HNE.
Since, the Tip residue has the largest side chain of the 20 amino acids that compose 
proteins, the Trp band has been intensively studied (Takeuchi, 2003). Trp contains a 
N atom which plays an important role in hydrogen bonding. Both the large 
hydrophobic area and the small proton donor site of the indole ring are important for 
the interaction with other amino acid residues. Therefore any change in amino acids 
like lys leads to a change in the intensity of the tryptophan band. The normalized 
intensity of the tryptophan band near 755 ± 2 cm-1 was decreased slightly in samples 
mixed with HEX (0.279 ±0.006) compared with control (0.319± 0.001) (p<0.05). 
In contrast, samples treated with other aldehydes showed a substantial effect. The 
relative intensity at 760 cm'1 was significantly lower in samples treated with MDA 
(0.192± 0.024) HNE (0.177± 0.001) (p<0.01), and GLA (0.22±0.03) (p<0.001) 
respectively compared with the untreated sample (Figure 7.9). The decrease in the 
tryptophan band is related to the effect on hydrophobic residues during oxidation.
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Assignments and Wave 
number (cm'1 -  4) BSA BSA-HNE BSA-HEX BSA-GLA BSA-MDA
SH (540) 0.543 0.207 0.438 0.191 0.455
±0.05 ±  0.008 ±  0.002 ±  0.004 ±0.05
Trp (760) 0.319 0.177 0.279 0.280 0.192
±  0.07 ±  0.001 ±  0.006 ±0.03 ±0.02
Tyr (830,855) 855/830 0.64 0.82 1.00 1.10 0.99
±0.07 ±0 .07 ±0.02 ±0.06 ±  0.04
a Helix, C-C stretch (940) 0.584 0.596 0.37 0.59 0.55
±0.06 ±0.08 ±0.02 ±0.01 ±0.01
CH3 residue stretch (960) 0.458 0.375 0.74 0.43 0.41
±0.06 ±0.01 ±0.07 ±0.01 ±0.04
p sheet type structure (990) 0.35 0.326 0.34 0.36 0.37
±0.09 ±0.07 ±0.01 ±0 .02 ±  0.001
Phe, ring band (1034) 0.344 0.319 0.38 0.32 0.28
±0.06 ±0.01 ±0.06 ±0,02 ±0 .04
Anti-symmetric stretch 0.42 0.437 0.23 0.32 0.43
(1128) ±0.07 ±  0.001 ±  0.0001 ±0.01 ±0.01
P sheet type structure 0.24 0.240 0.14 0.29 0.25
(1239) ±0 .06 ±0.02 ±0.04 ±0.03 ±  0.002
Amide II  (1320) 0.72 0.822 0.57 0.73 0.77
±0.06 . ±  0.03 ±0.01 ±0.01 ±0.07
C-H bending and Tip 0.824 0.80 0.60 0.74 0.78
(1340) ±0.11 ±0.03 ±  0.004 ±0 .09 ±0.08
1418 0.47 0.481 0.87 0.47 0.41
±0.06 ±0.05 ±0.02 ±0.03 ±0.03
Aliphatic groups, CH bend 1.11 1.23 0.88 1.14 1.19
(1450) ±0.07 ±0 .02 ±0.04 ±0.08 ±0.03
Amide I  (1665) 1.80 1.906 1.27 1.70 1.84
±0.03 ±0.01 ±0.01 ±0.02 ±0 .06
a: Trp (tryptophan), Tyr (tyrosine), Phe (phenylalanine)
Table 7.2. Relative intensity values in selected regions of the FT-Raman spectra 
(500 -  1700 cm"1) of BSA and BSA incubated with HNE, HEX, GLA or MDA 
respectively at 37°C for 72 h. The spectra were an average of 200 scans which 
were baseline corrected, smoothed and normalized to the intensity of Phe band 
at 1004 cm"1. Results are mean ± SD.
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Figure 7.9. Changes in normalized trytophan band intensity (760 cm'1) in (10 % 
w/v) BSA alone and BSA incubated with 10 mM of HNE, HEX, MDA or GLA at 
37 °C for 72 h. Results are mean ± SD. Significant difference from control and 
treatments was measured by ANOVA, p<0.05.
The relative intensity and the frequency of vibrational motions of amino acid side 
chains and polypeptide backbone are sensitive to chemical changes and the 
environment around those functional groups. Thus, there were differences in the 
tyrosine doublet ratio Is5o/l83o cm'1 for BSA solution (0.71 + 0.065) compared with 
BSA mixed with aldehydes (Table 7.2). Significant increases were observed in the 
I850/I830 ratio of all samples treated with GLA (1.10+0.0) (p< 0.001), MDA (0.99 ± 
0.04) (pO.001), HNE (1.00 + 0.022) (p< 0.001) and HEX (0.82 + 0.071) (p<0.01) 
compared to untreated sample.
The CH stretching band at 2940 cm'1 assigned to aliphatic amino acids mainly lysine 
residues (Howell et al., 1999a) shifted slightly ±3 and increased in intensity in 
samples treated with aldehydes compared with BSA solution. An increase in the 
intensity of band at 2940 cm'1 was noticeably higher in samples mixed with HEX, 
MDA and HNE compared with GLA (Figure 7.10). Also C-H deformation bands of 
aliphatic amino acids at 1450 cm'1 increased slightly in samples containing BSA with 
aldehydes suggesting that the environment around aliphatic side chains in the protein 
changed. Similar changes have been shown due to lysozyme-com oil protein-lipid 
interactions in the C-H group (Howell et al., 2001).
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Figure 7.10. Changes in normalized Raman band intensity at 2940 cm'1 in BSA 
(10 % w/v in distilled water) and BSA incubated with 10 mM of MDA, HEX, 
HNE or GLA at 37 °C for 72 h. Results are expressed as mean ± SD.
Besides amino groups, aldehyde may modify sulfhydryl groups of cysteine residue in 
protein through the Michael addition (Uchida and Stadtman 1992) or Schiff base 
reactions (Szweda et al., 1993). A decrease in the intensity of the band at 505 cm'1 
in all treated samples compared with the control indicated that sulfhydryl group in 
BSA were modified (Figure 7.11). These spectral features indicate a partial 
conformational change in the BSA structure.
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Figure 7.11: Changes in sulphydryl Raman band intensity (550 cm'1) in BSA 
(10 % w/v in distilled water) and BSA incubated with 10 mM MDA, HEX, HNE 
or GLA at 37 °C for 72 h. Results are expressed as mean ± SD.
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7.3.2.2. Differential scanning calorimetery (DSC)
The contribution of lipid peroxidation products to structural changes in BSA mixed 
with 10m M of MDA, GLA, HEX, or HNE was also observed by DSC (Table 7.3). 
DSC measures tbe change in protein structure including modification and disorder. 
Exposure of most proteins to high temperatures leads to irreversible denaturation. As 
the temperature is increased, the bonds which stabilized the protein structures are 
broken including hydrogen bonds that stabilize helical structure and water can form 
new hydrogen bonds with the amide bonds. As the helical structure is broken, 
hydrophobic groups are exposed to the solvent, resulting in protein aggregation. 
These aggregated proteins often attain intermolecular p-sheet structures to maximize 
hydrogen bonding.
Sample
BSA
Onset
Temp (To) °C
Peak
Temp (Tm) °C
Enthalpy 
change (AH J/g)
Untreated 65.62 78.45 0.90
HNE 62.04 77.7 0.83
MDA 58.80 78.93 0.70
GLA 60.2 70.89 0.57
HEX 54.99 75.78 0.86
Table 7.3. Transition temperatures, Tm (°C) and enthalpy change, AH (J/g) 
obtained by differential scanning calorimetry for BSA (10 % w/v in distilled 
water) incubated at 37 °C with or without aldehyde for 72 h.
Differential scanning calorimetry (DSC) showed that the thermal transition of BSA 
occurred at 78.45 °C, with a AH of 0.90 J/g of protein (Figure 7.12 a). Figure 7.12 b, 
c, d and e shows thermograms of heat denaturation of BSA mixed with HNE, MDA, 
HEX or GLA. BSA treated with HEX showed a larger decrease in AH compared 
with sample treated with MDA, HNE and GLA. However, BSA mixed with HNE 
showed significant changes in Tm and a slight decrease in AH (Table 7.3 and Figure 
7.12) indicating protein denaturation. Our results can be related to changes in protein 
structure resulting from aldehydes interacting with nucleophilic groups in the protein
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side chain that disturb bonds that are responsible for protein stability such as 
hydrogen bonds. Since hydrogen bonds are ionic in character and involve the 
sharing of an hydrogen atom attached to an electronegative atom (nitrogen, oxygen 
or sulphur) with another electronegative atom (oxygen of carbonyl group), aldehydes 
can disturb this bond by reacting with electrophilic amino acids such as cysteine and 
lysine that participate in hydrogen bonds in protein conformation.
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Figure 7.12. Differential scanning calorimetry scans of (a) 10 % BSA (w/v in 
distilled water ) mixed with 10 mM of (b) MDA, (c) GLA, (d) HNE and (e) HEX 
for 72 h thermogram indicating the transition and heat flow.
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7.3.2.3. Rheological analysis of BSA treated with different aldehydes
Prior to heating, a 10 % (w/v) BSA in distilled water solution had a viscous modulus 
greater than the elastic modulus indicating no cross-links between the BSA and 
aldehydes. There were no significant changes in BSA solution G’ values after 72 h 
incubation at 37 °C compared with freshly prepared BSA at 20 °C (Figure 7.13).
0 20 40 60 80 100
T e m p e ra tu re  (°C)
T e m p e ra tu re  (°C)
Figure 7.13. Rheological profile for 10 % BSA (w/v) incuhated for (a) 0 h and 
(b) 72 h at 37 °C.
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During heating from 20 °C to 90 °C, there was a slight decrease in elastic modulus G’ 
up to 77 °C after which the G’ increased considerably due to protein unfolding and 
gel formation. Cooling from 90 °C to 20 °C resulted in further increases in the G’ 
and G” values (Figure 7.14 and Table 7.4) which has been attributed to hydrophobic 
interaction (Howell, 1999a). The rate of this increase was dependent on the type of 
aldehyde added. Even though, G’ was higher in all treated samples, the G’ value of 
the sample containing MDA was significantly higher compared with the control 
(BSA incubated for 72 h at 37 °C (p<0.05) followed by GLA (p<0.01), HEX 
(p<0.05) and HNE (p<0.001) (Table 4 and Figure 7.14). Significant decreases in 
gelling point values were observed for BSA mixed with GLA (p<0.01), or HEX 
(p<0.05) or MDA (p< 0.01) and slight decrease for HNE compared with BSA 
solution (Table 7.4). This decrease indicates that interaction products were formed 
between BSA and aldehyde that are stable as G’ increased after cooling.
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Figure 7.14. A temperature sweep from 20-90 °C of 10 % BSA (w/v in distilled 
water) solution treated with 10 mM MDA (a), HEX (b), HNE (c) and GLA (d) 
and incubated for 72 h at 37 °C.
Gluteraldehyde is widely used as a fixing reagent due to its ability to interact with 
protein resulting in net work (Nicolas et al., 1997). Also both monocarbonylic (HNE 
and HEX) and dicarbonylic aldehyde (MDA and GLA) can cross link with protein 
resulting in polymerization and gelling properties.
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Sample Gelling point G’ (KPa) G” (KPa)
(°C)
BSA 77.3 ±0.91 4.1 ± 0.2 0.882 ± 0 . 0 2
BSA- HNE 67.4 ±6.3 11.9 ± 1.5 39 ± 1.8
BSA-MDA 58.3 ± 5.8 59.02 ± 7.3 9.3 ± 1.1
BSA-GLA 51.7 ± 3.5 30.70 ± 6.3 6.7 ± 1.5
BSA- HEX 54.2 ±5.2 23.04 ± 1.2 11.1 ± 1.3
Table 7.4. Gelling point (°C) and G’ and G” values (kPa) after cooling from 90 
to 20 °C of 10 % (w/v) BSA treated with aldehyde (HNE, MDA, GLA or HEX) 
solutions. Values are mean ± standard deviation.
7.3.2.4. LC-MS
The aim of this experiment was to identify and further characterize aldehyde-treated 
BSA by electrospray ionization mass spectrometry (TOF-MS) and MS/MS 
experiments.
II
Figure 7.15. Electrospray mass spectrum (I) and deconvoluted mass spectra (II) 
of bovine serum albumin (BSA).
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Figure 7.16. Electrospray mass spectrum (I) and deconvoluted mass spectra (II) 
of protein (BSA) incubated with: (A) HEX; (B) MDA; (C) GLA; and (D) HNE 
for 72 h at 37°C.
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The mass spectrum of aldehyde- BSA adduct was obtained to investigate the adduct 
formation and to measure the increase in protein mass/ adduct. Analysis of the 
control sample of BSA by TOF- LC-MS confirmed the molecular weight of 66,460 
kDa (Figure 7.16). After 24 h of BSA incubation with aldehydes many other peaks 
were revealed indicating a mixture resulting from the covalent attachment of several 
aldehyde (MDA, GLA, HEX, or HNE) molecules to protein. The deconvoluted real 
spectrum (Figure 7.17 I: a, b, c and d) indicates the mass of BSA modified by 
aldehydes. For example, BSA mixed with HEX, the BSA mass was increased by 20 
to 138 Da (Figure 7.17 I A) while in the presence GLA the mass was higher by 157 
Da (Figure 7.17 I C). In the BSA-HNE solution the mass increased slightly where 
two molecules of HNE adducted to each BSA (Figure 7.17 I D). However, a 
substantial increase in BSA mass was observed in the presence MDA where the mass 
observed was 2267 Da greater than BSA MW 66460 (Figure 7.17 I B), indicating 
that the aldehyde had cross linked protein fragments. The spectra show greatest 
denaturation and fragmentation by MDA followed by GLA, HEX and least effect by 
HNE.
7.4. CONCLUSION
Oxidized lipids produce various products including aldehydes that can react with 
proteins and damage them, resulting in the development of browning, denaturation, 
formation of the oxidized lipid/amino acid reaction product and loss of lysine 
viability.
Although previous studies on protein modified by lipid peroxidation products have 
indicated some reported changes, our systematic study carried out by using a number 
of modem techniques confirmed not only changes in protein denaturation and lysine 
loss but also changes in protein structure and rheology which are important for food 
product development and safety (Table 7.5). The above results revealed that in the 
presence of aldehydes, BSA showed noticeable changes in rheological properties, 
increased G’ values and lower gelling point temperature that would increase 
hardness. Being very reactive, aldehydes are capable of reacting with many protein 
functional groups (amino, hydrophobic and disulphide) therefore changing their
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protein conformation as shown by Raman spectroscopy. The formation of cross 
links protein fragmentation by aldehydes was shown by mass spectrometry. The 
TOF Spectroscopy analysis of intact BSA and modified BSA showed that MDA was 
highly reactive towards BSA followed by GLA, HEX and HNE.
Sample DSC Raman spectroscopy Rheology LC-MS Lysine loss
Tyr SS a-helix Trp
MDA +++ +++ ++ - +++ +++ ++++ ++
HNE ++ -H- +++
+
- _l~|__j_ + + ++++
GLA ++++ + - H -
+
+++
+
- ++ +++ ++ +++
HEX ++++ +++ ++ +++ ++ ++ ++ +
Table 7.5. Over all changes in BSA structure, lysine availability, DSC and 
rheological parameters after incubation with 10 ml aldehydes (MDA, HNE, 
GLA, HEX ) for 72 h at 37 °C.
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C H A P T E R  E I G H T
8. CYTOTOXICITY EFFECT OF OXIDISED LIPIDS IN 
CULTURED COLONAL HUMAN INTESTINAL 
CANCER CELLS (CACO-2 CELLS)
8.1. INTRODUCTION
8.1.1. Induction of apoptosis in caco-2 cells by oxidized lipid
Fish oil contains many polyunsaturated acids such as linoleic, eicosapentaenoic 
(EPA) and docosahexaenoic (DHA) acids that are reported to have health benefits. 
However, these acids oxidize easily to form primary and secondary lipid peroxidation 
products. These lipid peroxidation products may have a significant effect on cell 
growth and proliferation and induce apoptosis in many cells types (Rudolph et al,
2 0 0 1 ) by regenerating oxidation in cellular membranes that are mainly composed of 
polyunsaturated fatty acids (PUFAs). Changes in PUFAs lead to severe cell 
membrane damage in terms of fluidity and function (Daveloose et al, 1993). 
Peroxidation of polyunsaturated fatty acids (PUFAs) generates reactive free radicals 
that are relatively unstable leading to fatty acid hydroperoxides that readily break 
down to more stable adducts such as hydroxides and aldehydes (Esterbauer et al., 
1991; Saeed and Howell, 1999a). Free radicals as well as hydroperoxides and 
aldehydes (Horrobin, 1993) lead to cell death (Lovell et al., 2001). Peroxidation 
products are a concern for many diseases including atherosclerosis, diabetes and 
cancer (Hanahan and Weinberg, 2000).
Two forms of cell death, namely apoptosis and necrosis, are distinguished by 
morphological and biochemical changes which are summarised in table 8.1. Necrosis 
is induced damage to cells (Wyllie, 1980) that can be characterized by cell swelling 
and disruption of the cell membrane, owing to the release of the cellular content; this 
may result in an inflammatory response (Girotti, 2001) and also reduce the 
intracellular glutathione (GSH) content (Saiato et al., 2005). In contrast, apoptosis 
results from activating a family of cysteine aspartic acid-specific proteases known as
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caspases (Muzio, 1998). Previous studies revealed that PUFAs induce apoptosis and 
inhibit cell proliferation/viability in vitro (Arita et al., 2001). Caspases are a family of 
at least 1 0  human cysteine proteases that are involved in apoptotic signal transduction 
and execution mechanisms (Li et al., 1997). Caspases are synthesised as inactive 
zymogens composed of three domains (an N-terminal prodomain, the p20, and the 
p 10 domains) that requires proteolysis or binding to co-factors to be activated. The 
activated enzyme is a heterotetramer containing two p2 0 /p l0  heterodimers and two 
active sites (Eamshaw et al., 1999).
NECROSIS
(a)
(b)
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Y
APOPTOSIS  
\
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(d)
(e)
Figure 8.1. Apoptosis path ways.
137
Apoptosis Necrosis
Active process Passive process
Cellular shrinkage Cell swelling
Nuclear condensation Membrane rupture
Intact membrane inflammation
No inflammation Toxicant-specific biochemical 
mechanisms
Evolutionarily conserved pathway
Table 8.1. Morphological and functional distinctions between apoptosis and 
necrosis (McConkey, 1998).
Antioxidants can reduce the generation of oxidative stress-induced aldehydes. It has 
been reported that phenolic antioxidants inhibit DNA fragmentation and green tea, 
including catechins, prevent oxidant-induced DNA strand breakage in cultured lung 
cells (Mukai et al., 2005). Epidemiological studies demonstrate that a high intake of 
antioxidant-rich foods is inversely related to cancer risk (Higdon and Balz, 2003; 
Yang et al, 2002). While animal and cell culture studies confirm the anticancer 
effects of antioxidants, intervention trials to determine their ability in the prevention 
of cancer risk and cardiovascular disease have also received attention (Hollman et al, 
1999; Weisburger, 1999; Fujiki et al, 2002). It has been reported that (-) 
epigallocatechin-3 gallate (EGCG) retarded apoptosis in normal cells exposed to free 
radicals (Nie et al, 2002) and protected skin cells against the damaging effects of UV 
(Tobi et al, 2002). However, EGCG may also exhibit prooxidant activity which 
could induce apoptosis (Hsu et al, 2003). The activity of EGCG in a biological 
environment may reflect differences in experimental design mainly, the concentration 
of EGCG, the cell line and the cell culture medium (Jeffrey et al, 2004). Antioxidant 
activity of EGCG may be related to radicals scavenging activity of its flavin unit, 
while tbe prooxidant activity may be due to the flavonoid unit of catechin (Jeffrey et 
al, 2004). It has been postulated that EGCG at low levels scavenges free radicals 
while at high concentrations , it induces cellular damage (Johnson and Loo, 2000).
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Figure 8.2. Mechanisms of cell death determined by measuring different 
markers of cell viability and apoptosis in  v itro .
In this study, we investigated the extent of the cytotoxicty effect of oxidized lipids 
and whether tea catechins decreased lipid peroxidation in caco-2 cells. We achieved 
our aims by assessing the cell viability, change in morphology, fragmentation of 
nuclear DNA by the 33258 Hoechst staining method as well as detecting the presence 
of unprocessed and cleaved caspase-3 by Western blotting.
8.2. MATERIALS AND METHODS
8.2.1. Materials
The human colorectal carcinoma cells line Caco-2 was obtained from the European 
Collection of Cell Cultures (ECACC). Phenyl -methyl- sulfonyl- fluoride (PMSF) 
leupeptin and aprotinin were purchased from Roche Diagnostics, Germany. 
Phosphate buffered saline tablet (PBS) was obtained from Oxoid, Hampshire, UK. 3-
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(4, 5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT dye), dimethyl 
sulphoxide (DMSO), Nonidet P-40 (NP-40), sodium vanadate (Na VO4), Hoechst 
33258 (bis-benzimide) dye, (-)-epigallocatechin gallate (EGCG), 
polyoxyethelenesorbitan (Tween-20), sodium dodecyl sulphate (SDS), and 1, 1, 3, 3- 
tetramethoxypropane were obtained from Sigma-Aldrich Chemical Co, Poole, UK. 
Human anti-caspase 3 polyclonal (rabbit antibody) was purchased from BD 
Biosciences, Cambridge, UK. Protein assay dye reagent, N, N, N, N- 
tetramethylethylenediamine (TEMED), and acrylamide/bis acrylamide solution (40% 
w/v) were obtained from Bio-Rad, CA. USA. Foetal bovine serum (FBS), trypsin- 
EDTA solution, L-glutamine (200 mM), non-essential amino acids, Dulbecco’s 
Modified Essential Medium (DMEM) were obtained from Invitrogen, Paisley, UK. 
Peroxidase-conjugated donkey anti-rabbit immunoglobulin was obtained from Santa 
Cruz Biotechnology Inc, Santa Cruz CA, USA.
8.2.2. Methods
8.2.2.I. Solutions and buffers
Phosphate buffered saline (PBS)
One tablet was dissolved in 100 ml of Milli Q water and autoclaved to sterilise.
Cell lysis buffer
950 pi lysis buffer stock (50mM Tris-Cl and 150 mM NaCl, pH 7.5) was 
supplemented with 1 % (v/v) NP-40, 20 % SDS, 50 mM PMSF, 2 pg/ml aprotinin, 2 
pg/ml leupeptin and 1 mM NaV0 4 . This buffer was freshly prepared.
5 x Running buffer, pH  8.3
Tris base (15.15 g), glycine (72.0 g) and SDS (5 g) were dissolved into 1000 ml of 
Milli Q water and stored at 4°C.
5 Transferred buffer, pH  8.3
Tris base (11.9 g) and 56.25 g glycine were dissolved into 1000 ml of Milli Q water 
and stored at 4 °C. On the day of use, transfer buffer x 5 (160 ml) was mixed with 
200 ml methanol and 640 ml water.
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Tris base (48.4 g) and NaCl (160 g) were dissolved into 1.8 L Milli Q water and the 
pH was adjusted to 7.6 with HC1. Then Tween-20 (20 ml) was added and the volume 
made up to 2 L using Milli Q water. The buffer was stored at 4 ° C and diluted once 
prior to use.
0.5 % Triton X-100
100 X-Triton (0.5 ml) was dissolved into 100 ml of BPS buffer.
Milk blocking solution
Fat-free milk powder milk (5 g) was dissolved into 100 ml of TBS-T buffer. The 
solution was mixed well prior to use.
4 % Paraformaldehyde fixing buffer
Paraformaldehyde (2 g) was dissolved in 50 ml of PBS and a few drops of 1 M 
NaOH. The solution was heated to 65 °C until thoroughly dissolved and then adjusted 
to pH 7.2 with NaOH. The volume was made up to 50 ml with Milli Q water.
MTT stock
MTT (10 mg) was dissolved in 1 ml BPS Milli Q water and sterilised and filtered and 
then stored at -10 "C.
8.2.2.2, Cell cultures
Caco-2 cells (2 x 104) were grown in a 25 cm3 plastic flask at 37 °C in air with 5 % 
CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM). The medium was 
supplemented with 50 % FBS (foetal bovine serum), 0.5 % glutamine (20 mM, Gibco, 
Scotland, UK) and 0.5 % penicillin (1 mg/lOOml), Gibco, Scotland, UK), and 1% 
non-essential amino acids defined as standard medium. Media were changed three 
times per week. For subcultures, the media was removed and the cells were detached 
from the culture flask with lml trypsin/EDTA (Gibco, UK) after a 3 ml PBS wash. In
10 x  Tris buffered saline (TBS)-Tween buffer (TBS-T), p H  7.6
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order to stop trypsinisation, culture solution (5 ml) with 50 % FBS media was added. 
Cells were centrifuged at 120 x g for 5 minutes and resuspended with fresh medium 
for seeding in plates or new culture bottles.
8.2.2.2. Compound preparation
Stock solutions of test oxidized lipids were prepared in dimethyl sulfoxide (DMSO) 
which did not exceed 0.1 % (v/v), and diluted in DMEM medium without serum to 
obtain the required concentrations and stored at -20 °C. EGCG was prepared fresh 
and dissolved in PBS prior to treatment and added to samples 20 min before 
treatment. Cultures were investigated for changes in morphology during treatment 
using phase contrast microscopy (Zeiss Telaval inverted light microscope).
8.2.2.4. Treatments
Incubating oxidized lipids with cells, including with free radicals and lipid 
peroxidation products, can cause severe damage in terms of altering the structure and 
function of mitochondria (Somosy, 2000). In order to investigate the cytotoxicity of 
oxidized lipid in caco- 2  cells, preliminary treatment ranging studies were carried out. 
Caco-2 cells were incubated for 24 h with various concentrations of non-oxidized and 
oxidized lipids (mackerel fish oil and methyl linoleate) including 0, 20, 40, 80 and 
100 pg/ml with and without antioxidant (50 pM EGCG). Cell viability was 
determined by the MTT assay and treated cells compared with the control cultures. 
Apoptosis induced by oxidized lipids (100 pg/ml) were assessed by light microscopy, 
fluorescence microscopy and confirmed by Western blotting.
8.2.2.5. MTT-Time course assay
This assay measures the metabolism of 3-(4, 5-dimethyl-thiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT), a yellow tetrazolium salt, which, when reduced by the 
mitochondria of metabolically active cells, forms a blue formazan dye precipitate that 
can be extracted using organic solvent (Waterfield et al, 1998). Caco- 2 cells were 
seeded at 2  x 104 cells/well into 96-well culture plates and allowed to recover for 24 h 
at 37 °C. Cells were treated with subjective compounds including aldehydes, oxidized
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methyl linoleate or oxidized fish oil for a range of concentration studies. Six replicate 
wells were used for each concentration. After a 24 h incubation period, cell viability 
was assessed by MTT assays. Aliquots (5 pi) of MTT solution (10 mg/ml PBS) were 
added to each well and the plates were incubated for 4 h at 37 °C followed by removal 
of the medium and addition of 10 ml of DMSO (0.1 %). The plates were read on a 
plate reader at 492 nm. The average absorbance reading was taken from each time 
point of each plate. Cell survival curves were constructed by plotting cell survival 
against the various treatments.
8.2.2.6. Preparation of cell extracts 
Total cell lysates
Caco- 2 cells grown in 75 cm2 culture flask were treated with subjective compounds 
at near confluent followed by incubation for 24 h. The medium was removed and the 
cultures were washed three times by cold PBS. Thereafter, cells were removed from 
the culture flasks using disposable cell scrapers (Costar) and 3 ml of ice-cold PBS was 
added before it was transferred to falcon tubes. The samples were centrifuged at 5000 
x g for 3 min. The pellet was washed with 1 ml of ice cold PBS and transferred into 
Eppendorf tubes. The sample was microcentrifuged at 5000 x g for 5 min. The 
pellets were resuspended in 1 ml cell lysis buffer and homogenised using a sonicator 
(ultrasonic processor, Labsonic ® M) and then microcentrifuged again at 15,000 x g 
for 15 min at 4 °C. The supernatant was aliquoted and stored at -80 °C for Western 
blotting analysis.
Protein quantification
Protein concentration in the cell samples was assessed by the Bradford (1976) 
method. Samples (10 pi) were mixed well with 90 pi NaOH (200 mM) and then 4 ml 
of diluted Bradford reagent (1:5 in Milli-Q water), and vortexed for 5 sec. The 
absorbance of samples was read at 595 nm, with lysis buffer as the blank using a 
Kontron 932 spectrophotometer. A range of concentrations of BSA solutions (0- 
1 mg/ml) were used to obtain a standard curve and the unknown cell protein 
concentration was calculated.
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82.2.1. Western blot analysis
Sample preparation
Cell lysate loading concentration ranged from 20 to 30 jig protein, prepared in 
NuPAGE® LDS sample buffer (1:4 dilute in MiliQ water) and NuPAGE® reducing 
agent (1:10 dilute in MiliQ water). The sample was boiled for 5 min and then 
subjected to electrophoresis.
SDS-PAGE electrophoresis
Polyacrylamide slab gel electrophoresis was performed in a Bio-Rad mini 
electrophoresis gel system. Protein samples (20-40 jig) and protein standard were 
mixed with loading buffer and separated on 12.5 % gel with 4 % stacking gel. Gel 
electrophoresis was carried out at 1 0 0  volts for 2  h.
Western blot transfer o f proteins 
Immunoblotting
The membrane was incubated in 10 ml milk blocking solution for 1 h in an orbital 
roller. After that, the primary antibody (caspase-3) was diluted 1:1000 in 10 ml milk 
blocking solution according to the manufacturer’s instructions and added to the 
membrane, and then incubated overnight at 4°C in an orbital roller. The following 
day, the membrane was washed 3 three times for 15 min each in lx TBS-T buffer on a 
shaker at room temperature. The secondary antibody was diluted (1:10,000) and 
added to the membrane. The membrane was incubated for 1 h at room temperature 
(22 °C). The membrane was washed again three times with TBS-T buffer on a 
shaker. The blot was visualized using the enhanced chemiluminescent detection 
system (ECL) (Amersham Biosciences).
8.2.2.8. Immunofluorescence analysis
In order to analyse chromatin condensation and nuclear fragmentation as a 
consequence of apoptosis, cell nuclei were stained with Hoechst 33258 dye and 
visualized by fluorescence microscopy (Gamen et a l , 1998). Cells were incubated 
(250, 000 cells/ well) with and without oxidized lipids (100 pg/ml) and cultured for 
24 h at 37 °C. At the end of incubation time, the medium was removed and the cells
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were washed in PBS. Cells were spun at 5000 x g at 5 min on slides using a cytospin 
(cytospin 4 Thermo Electron Corporation, Basingstoke, Hants) and fixed with ice cold 
methanol for 10 min. The methanol was aspirated and the cells washed with PBS. 
The cells were permeabilised with 0.5 % Triton X-100 for 15 min and washed again 
with PBS. Then, 500 pi of PBS containing 2 pg/ml Hoechst dye was added to each 
well and plates incubated for 5 min in a dark place at room temperature. Finally, the 
solution was removed and the cells were washed again in PBS, mounted on to glass 
slides over a drop of Vectashield (R) (mounting solution) and stored at 4 °C in the 
dark until analysis. The slides were fixed on to microscope slides (BDH) and 
visualization of the stained samples was carried out using a fluorescence microscope 
(Nikon Eclipse TE2000-S) obtained from JENCONS-PLS, Bedfordshire, UK 
connected to Nikon digital camera.
8.2.2.8. Lipid peroxidation assay
The level of lipid peroxidation in control and treated cell samples was measured by 
the formation of thiobarbituric acid reactive substances (TBARS) in the reaction 
mixture as described by Okhawa (1979) as follows: A mono layer of caco-2 cells 
(60 % confluent) in 25 cm2 flask were incubated in the absence or presence of 
oxidized ML or mackerel oil (100 pg/ml) for 24 h. After incubation, the medium was 
removed and cells were washed twice with PBS. The cells were scraped and lysed 
with 20 % TCA (trichloro acetic acid). Then, 2 ml of 0.7 % TBA were added and 
sample heated at 100 °C for 30 min. After cooling, the solutions were centrifuged at 
1500 x g for 10 min. The absorbance of the pink supernatant was measured at 532 
nm. To prevent oxidation during the assay, 67 pM BHT was added at the beginning 
of the assay. Malonaldehyde (MDA) concentration was calculated using 1, 1, 3, 3- 
tetramethoxypropane as standard and was expressed as pmol of MDA/ mg protein. 
Protein concentration was measured in parallel, by the Bradford method (Bradford, 
1976).
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8.2.3. Statistical analysis
All data are given as mean±SD. Comparison of treatments against controls was 
made using a one way ANOVA; the significance level chosen for all statistical 
analysis was p<0.05. Statistical analyses were earned out with the SPSS statistical 
package (SPSS Inc., Chicago, IL, USA).
8.3. RESULTS AND DISCUSSION
The levels of lipid peroxidation in control as well as treated cell samples by the 
formation of thiobarbituric acid reactive substances (TBARS) are shown in figure 8.9. 
The effect of lipid oxidation on cell viability as assessed by the MTT assay (Figure 
8.3), the changes in cell morphology by light microscopy (Figures 8.10, 8.11) and 
apoptosis effect by fluorescence microscopy (Figures 8.12, 8.13) and Western blotting 
(Figures 8.14, 8.15) are discussed below.
8.3.1. Effect of oxidized lipids (mackerel oil and methyl linoleate) on ceil 
proliferation and viability
The data shown in figure 8.3 a, b display the effect of various oxidized lipids 
(mackerel oil and methyl linoleate) concentrations (20, 40, 80, 100 pg/ml) on the 
viability of caco-2 cells after 24 h incubation. Cells treated with lipids (fish oil and 
ML) oxidised by UV for 24, 48 and 72 h, indicated a substantial decrease in cell 
viability due to cytotoxicity especially in samples treated with 1 0 0  pg/ml oxidized 
lipid. For example, cells treated with 100 pg/ml oxidized lipids irradiated by UV for 
72 h showed 18 % and 44 % live and 78 % and 56 % dead cells for oxidized ML and 
oxidized fish oil respectively. As expected, there was a concomitant increase in lipid 
peroxidation level with time. There was a significant difference between samples 
treated with oxidized ML exposed to UV for 72 h compared with those exposed for 
24 h (p<0.01) (Figure 8.5) and samples treated with oxidized fish oil showed a 
similar pattern (p<0.02) (Figure 8.4). However, mackerel oil was less deleterious 
than ML probably because it contains a mixture of fatty acids including saturated fatty 
acids (24.8 %) and monosaturated (46.80 %) besides unsaturated (25.4 %) fatty acids 
(Saeed and Howell, 1999a).
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Figure 8.3. Cytotoxicity effect of oxidized lipids (mackerel oil and methyl 
linoleate) on caco-2 cells using the MTT assay.
Caco-2 cells were incubated in the absence (DMSO only) or presence of (A) ML and 
(B) mackerel oil (20-100 pg/ml) after oxidizing under UV for 0, 24, 48, and 72 h. 
Cytotoxicity effect was assessed by the MTT assay. Data are expressed as percentage 
of the untreated control ± SD, n=6 . Significant difference from the control in the 
presence of 1 0 0  pg/ml oil and different oxidation times for fish oil was measured by 
ANOVA, p<0.05.
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It is known that oxygen radicals lead to severe damage of cellular constituents 
including DNA, cell membrane lipids or proteins and polyunsaturated fatty acids 
(Mamett, 1999). In treated cells, oxidized lipids induce oxidation to lipid membrane 
which generates harmful products such as aldehydes. Malondialdehyde (MDA) and 
4-hydroxy~2-nonenal (HNE) are the main lipid peroxidation products that are reported 
to react with various macromolecules causing tissue injury (Hao and Maret, 2006). 
An increase in lipid peroxidation may induce immune and inflammatory responses, 
activate gene expression and cell proliferation, or initiate apoptosis. In this study, 
cytotoxic effect of aldehydes (MDA and HNE) was assessed by the MTT assay 
(Figure 8 .6 ); as the aldehydes concentration increased, the cell viability decreased 
remarkably. Moreover, cells incubated with MDA were more damaged compared 
with those incubated with HNE. There was a substantial decrease in cell viability in 
samples treated with MDA especially at a high concentration (50 pM) (89 % dead, 11 
% live) compared with those treated with HNE (69 % dead, 31 % live) (p<0.02) 
(Figure 8.4). These data confirm previous results which revealed that aldehydes play 
an important role in cell death by causing oxidative stress (Hao and Maret, 2006). 
Oxidized lipid products can reduce cell viability by affecting the protective GSH ratio 
(Sordillo et a l , 1998) and are capable of up-regulating the apoptotic signalling 
molecules (Fernandes et al., 1996).
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Figure 8.4. Effect of aldehydic lipid peroxidation products on caco-2 cells.
Caco-2 cells were incubated in the absence (DMSO only) or presence of 5, 15, 25 and 
50 pM of aldehydes (MDA or HNE) for 24 h. Cytotoxicity was assessed by MTT as 
described under materials and methods. Data are expressed as percentage of the 
untreated control ± SD, n=6 . Significant differences was measured by ANOVA, 
p<0.05.
8.3.2. Effect of antioxidant epigallocatechin gallate (EGCG)
EGCG is a well known antioxidant that can retard lipid oxidation. However, it has 
been reported that it has prooxidant activity and may accelerate oxidation (Azam et 
a l 2004). It has been postulated that EGCG generates free radicals by entering cells, 
reducing Fe3- to Fe:~ and forming hydroxyl radicals which attack cell components 
causing apoptosis (Yang et al., 2000). In our study we postulated that EGCG reacts 
with free radicals of the oxidized lipid before entering the cells. In order to choose 
the best concentration that can reduce lipid oxidation and minimise the possibility of 
EGCG causing cell damage, various EGCG concentrations were added to caco-2 cells 
and the cytotoxcity effect was assessed by the MTT assay (Figure 8.5). Incubation of 
caco-2 with 50 pM EGCG was found to be the least cytotoxic (85 % live and 20 % 
dead) with a high antioxidant activity thus controlling lipid peroxidation. In contrast, 
there was a decrease of 30 % and 40 % in the cell viability of samples treated with 
80 and 100 pM EGCG respectively. These data concur with previous findings (Tobi 
et al., 2 0 0 2 ).
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Figure 8.5. Cytotoxicty effect of EGCG towards caco-2 cells. Caco-2 cells were 
incubated in free medium containing different concentrations of EGCG, for 24 h. 
Cell viability was estimated by the MTT assay. Data are expressed as percentage of 
untreated control ± SD. Significant differences were measured by ANOVA, (p<0.05)
Using EGCG as an antioxidant clearly controlled lipid oxidation in samples treated 
with 24 h oxidized mackerel oil (72 % live, 28 % dead) compared with 48 h oxidized 
mackerel oil (88.7 % live, 11.3 % dead) and 72 h oxidized mackerel oil ( 71 % live, 
29 % dead) as monitored by the MTT assay (Figure 8 .6 ). Cells incubated with 
oxidized methyl linoleate follow a similar pattern in percentage of cell viability 72.1 
%, 77.1 %, 73.7 %, for samples treated with 24 h, 48 h and 72 h respectively. These 
results are supported by previous findings that polyphenol extracts from different 
sources including tea have demonstrated a protective effect in a concentration- 
dependent manner against DNA damage induced by H2O2 (Giovannelli et al., 2000; 
Liu and Zheng, 2002). Our results also confirm that the cytotoxic effect in Caco-2 
cells was due to lipid peroxidation.
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Figure 8 .6 . Effect of EGCG on reactive oxygen species generated in caco-2 cells 
exposed to oxidized mackerel oil using the MTT assay.
Caco-2 cells were incubated in the absence (DMSO only) or presence of mackerel oil 
(20-100 pg/ml) after the oxidation under UV for 24 (a), 48 (b) and 72 h (c). 
Cytotoxicity of cells pre-trcated with 50 pM EGCG was assessed by the MTT. Data 
are expressed as percentage of the untreated control ± SD, n=6 . Significant 
differences measured from the control were obtained in the presence of 1 0 0  pg/ml and 
different oxidation time of fish oil by ANOVA, p<0.05.
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Figure 8.7. Effect of EGCG on reduction of cytotoxicity of oxidized ML in caco- 
2 cells. Caco-2 cells were incubated in the absence (DMSO only) or presence of 
mackerel oil (20-100 pg/ml) after the oxidation under UV for 24 (a), 48 (b) and 72 h 
(c). Cytotoxicity of cells pre-treated with 50 pM EGCG was assessed by the MTT. 
Data are expressed as percentage of the untreated control ± SD, n=6 . Significant 
differences measured from the control were obtained in the presence of 1 0 0  pg/ml and 
different oxidation time of methyl linoleate by ANOVA, p<0.05.
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8.3.3. Effect of oxidized lipids on the level of lipid peroxidation in caco-2 cells
Lipid peroxidation in caco-2 cells induced by oxidized lipid was also studied. Lipid 
peroxidation was found to be differentially affected in caco2  cells after treatment with 
oxidized methyl linoleate or fish oil compared with samples pretreated with EGCG. 
The cells appeared to be under increased oxidative stress even at lower oxidized lipid 
levels (low PV value) as indicated by increased lipid peroxidation (TBARS), 
formation of apoptotic bodies and caspase-3 cleavage bands.
A slight alteration in TBARS level was observed in samples treated with fresh ML or 
fresh mackerel oil that have low PV values (0.01 ± 0.008) Meq/kg and (0.05 ± 0.07) 
Meq/kg respectively, lipid compared with untreated cells. However, the TBARS level 
in samples treated with oxidized ML showed higher TBARS formation compared 
with those treated with oxidized fish oil indicating that oxidized ML has more 
oxidation activity thus increasing the rate of membrane oxidation. This result was 
expected as the PV values results (Figure 8 .8 ) were higher for oxidized ML compared 
with oxidized fish oil.
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Figure 8 .8 . Peroxide values obtained for ML and mackerel oil exposed to UV 
light for 0, 24, 48 and 72 h.
After 24 h incubation, the TBARS level detected in caco-2 cells treated with 100 
pg/ml oxidized lipids (ML and fish oil), increased from 0.041 ± 0.001 pmol/mg
153
protein in the control to 0.11± 0.008 (p<0.05), 0.16±0.036 (p<0.02), 0.29±0.01 
(p<0.01) and 0.31 ± 0.049 (p<0.01) pmol/mg protein for samples treated with ML 
exposed to UV for 0, 24, 48 and 72 h respectively (Figure 8.9a), Similar results were 
found with cells treated with oxidized fish oil where TBARS production increased 
from 0.041 ± 0.001 (control) to 0.052± 0.009 (p<0.01), 0.11 ±0.009 (p<0.02), 
0.14± 0.021 (p<0.05) and 0.29 ± 0.051 (p<0.01) p mol/ mg protein for 0, 24, 48 and 
72 h UV exposure respectively (Figure 8.9 b). All samples pre-treated with EGCG 
significantly decreased TBARS production in caco-2 cells (p<0.05).
Furthermore, the inhibitory effect of EGCG on TBARS formation in caco-2 cells 
exposed to oxidized lipids was determined. The toxic effect of oxidized lipid which 
contributed to oxidized lipid-induced oxidative stress and stimulated lipid 
peroxidation of cell membrane lipids, producing toxic lipid degradation products such 
as MDA and HNE was also investigated. After 24 h co-incubation of EGCG and 
oxidized lipids with caco-2 cells, the TBARS formation was significantly reduced in 
all samples (Figure 8.9a and 8.9b). In samples treated with ML exposed to UV for 72 
h, the level of TBARS significantly decreased to 0.066±0.014 (p<0.01) compared 
with control (0.005 ± 0.0003). Samples incubated with oxidized fish oil followed a 
similar pattern.
Above results clearly indicate the cytotoxicity effect of oxidized lipids (ML and fish 
oil) in caco- 2  cells resulting from free radicals which attack lipid membrane 
generating other products such as aldehydes. These products have been reported to 
induce apoptosis in cells (Latham et al., 2001). For example, fish oil produced 
cytotoxic effect in breast tumor cells (Gonzales et a l , 1993) associated with an 
increase in lipoperoxide production. Polyphenol compounds like EGCG at relevant 
concentrations can minimise lipid peroxidation effect and prevent cell death induced 
by oxidized lipids (Giovannelli et al, 2000).
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Figure 8.9. TBARS concentration obtained from caco-2 cells incubated with 
oxidized (a) methyl linoleate and (b) fish oil in the presence and absence of 
EGCG for 24 h. Caco-2 cells preheated with 50 pM EGCG were cultured with 100 
pM oxidized and non-oxidized lipids (a: ML; b: fish oil) cells. The lipid peroxidation 
level was measured by TBARS. Data are expressed as mean± SD, n=6 . Significant 
differences were measured by ANOVA; p<0.05.
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8.3.4. Apoptosis analysis
In addition, the effect of oxidized lipid on caco-2 cells was investigated by 
microscopic visualization and by immunobloting. Figures 8.10 and 8.11 show 
morphological alteration in caco- 2  cells after treatment with 1 0 0  pg/ml oxidized 
lipids. Control cells appear healthy and cells were confluent (Figure 8.10a), while 
most of the cells which were incubated with 100 pM oxidized lipids were detached 
from the culture flask, indicating cell death due to the cytotoxic effect of oxidized 
lipids (Figure 8.10 b, c and d, and figure 8.11 a, b and c).
To further confirm the cytotoxic effect of oxidized lipids, cells were stained with 
Hoechst 33258 and analysed by fluorescence microscopy. Fluorescence 
microscopical evaluation of live caco- 2  cells showed normal nuclei and organized cell 
structure (Figure 8.12 a). In contrast, oxidized lipid-treated caco-2 cells revealed dead 
cells showing morphological features of necrosis and apoptosis, especially cell 
shrinking, chromatin condensation, membrane blebbing and nuclear fragmentation 
(formation of apoptotic bodies) (Figures 8.12 and 8.13). These changes varied with 
samples, for example, samples treated with 100 pg/ml oxidized ML showed a 
significant degree of nuclear fragmentation (Figure 8.12) compared with samples 
treated with oxidized fish oil (Figure 8.11). This difference may be related to the fact 
that fish oil was less oxidized by UV irradiated than ML as it includes saturated and 
monosaturated fatty acids besides polyunsaturated fatty acids. Samples pretreated 
with EGCG showed less damage to cells than oxidized lipids on their own (Figure 
8.14).
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Figure 8.10. Morphological changes in caco-2 cells incubated with and without 
oxidized fish oil for 24 h. Caco-2 cells were incubated for 24 h in the absence (a) 
and presence of oxidized mackerel oil (100 pg/ml) after being exposed to UV light for 
24 h (b), 48 h (c) or 72 h (d). The cell morphology was analysed by the light 
microscopy. Control cells appeared healthy and confluent while (b, c and d) treated 
cells was unwell and most cells were detached. Mag. X I00.
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Figure 8.11. Morphological changes in caco-2 cells incubated with oxidized ML
for 24 h. Caco-2 cells were incubated with oxidized ML (100 pg/ml) for 24 h after 
exposed to UV light for 24 h (a), 48h (b) and 72 h (c). The cell morphology was 
analysed by the light microscopy as described under materials and methods. Mag. 
X100.
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Figure 8.12. Nuclear morphology changes in caco-2 cells after 24 h exposure to 
oxidized mackerel oil for. Caco-2 cells were incubated for 24 h in the absence (a) 
and presence of oxidized oil exposed to UV light for 24 (b), 48 (c), and 72 h (d). 
Cells were fixed in 4 % paraformaldehyde and stained with Hoechst 33258 dye before 
visualization by fluorescence microscopy. Red arrows show apoptotic cells that 
appear small and bright compared to control cells (a) due to nuclear shrinkage and 
chromatin condensation during apoptosis (magnification, X 200). Cells with signs of 
apoptosis (fragmented nuclei) are indicated with an arrow.
Figure 8.13. Morphological alterations in caco-2 cells after 24 h treatment with 
oxidized ML. Caco-2 cells were incubated with oxidized ML which pre-exposed to 
UV radiation for 24 h (a), 48 h (b) and 72 h (c). Cells were fixed in 4 % 
paraformaldehyde and stained with Hoechst 33258 dye. Before being visualized using 
a fluorescence microscope fitted with a digital camera (magnification, X 200)
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Figure 8.14. Morphological alterations in caco-2 cells after 24 h treatment with 
oxidized ML or fish oil in the presence of EGCG (50 pM). Caco-2 cells were 
incubated with oxidized ML or fish oil pre-exposed to UV radiation for 24 h, 48 h and 
72 h in presence of 50 pM EGCG. Cells were fixed in 4 % paraformaldehyde and 
stained with Hoechst 33258 dye. Cells were visualized using a fluorescence 
microscope fitted with a digital camera (magnification, X200).
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In this study the cytotoxicity effect of oxidized lipids was also confirmed by Western 
blotting. Our results also showed apoptosis, as indicated by caspase-3 cleavage 
activation (Figure 8.15, 8.16) after treatment with 100 pg/ml of ML and fish oil 
exposed to UV light for 24, 48, 72 h. However, samples pre-treated with EGCG 
before incubation with oxidized ML or fish oil for 24 h, inhibited apoptosis (Figure 
8.17). For control cells incubated in the medium with DMSO (< 0.1 %) alone, a 
single band of caspase-3 was observed (p 32). However, samples treated with 
oxidized lipids for 24 h indicated a band corresponding to caspase-3 activation. Small 
fragments of the enzyme, p 19 and p 17 were detected in all oxidized samples in the 
absence of EGCG. Further, a proenzyme band (32 kD) appeared in samples 
incubated with oxidized lipids in the presence of EGCG. In the samples pretreated 
with EGCG 50 pM before incubation with oxidized lipids (ML or fish oil) for 24 h, 
the pro-caspase-3 was detected, while the cleaved band was not present. These results 
further confirm the protective effects of EGCG against lipid peroxidation products 
that have anti-inflammatory, anticarcinogenic and free radical scavenging properties. 
However, the functional mechanisms of EGCG in biological system are not 
understood.
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Figure 8.15. Effect of oxidized lipids (100 pg/ml) on caspase-3 protein. The cells 
were co-incubated with 100 pg/ml oxidized fish oil for 24 h. Samples containing 20 
pg protein were analyzed by Western blotting.
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Figure 8.16. Effect of oxidized lipids (100 pg/ml) on caspase-3 protein. The cells 
were co-incubated with 100 pg/ml oxidized ML for 24 h. Samples containing 20 pg 
protein were analyzed by Western blotting.
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Figure 8.17. Effect of oxidized lipids (100 pg/ml) on caspase-3 protein. The cells 
were co-incubated with 100 pg/ml oxidized ML or fish oil in the presence (50 pM 
EGCG) for 24 h. Samples containing 20 pg protein were analyzed by Western 
blotting.
8.4. CONCLUSION
MTT results of samples treated with a range of oxidized lipids (20-100 pg/m) 
indicated that oxidized lipid decreased the cell viability; and 1 0 0  pg/ml oxidized lipid 
concentration had the most cytotoxic effect by decreasing significantly the amount of
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viable cells compared with other concentrations. The MTT assay appeared to be a 
sensitive indicator of cellular damage when combined with apoptosis results.
High concentrations of oxidized lipids (100 pg/ml) cause severe damage to cells in 
terms of decreased cell viability, increased TBARS level and induced apoptosis. 
Cells treated with 100 pg/ml of oxidized ML with a high PV level, showed more 
damage compared with those incubated with oxidized fish oil with a low PV value 
due to the presence of both saturated and unsaturated lipids. Furthermore, increased 
cell viability in samples pre-treated with 50 pM EGCG that showed lower TBARS 
values by preventing ROS production decreased lipid oxidation-cell death and DNA 
damage, thus reflecting the antioxidant action of tea catechins in oxidized-lipid- 
treated cells. These results suggest that tea catechins can protect cell membranes 
against damage by oxidized lipid.
The present studies indicate clearly that both oxidized fish oil and oxidized ML 
induced apoptotic cell death in vitro. It would be worthwhile to investigate the effect 
of oxidized fish oil at concentrations normally consumed. In many developing 
countries fatty fish stored for a long time at high frozen storage temperature (-10 °C) 
or as dried fish exhibit high PV values (Badii and Howell, 2001; Saeed and Howell, 
2002). In addition, the mechanism of EGCG in biological systems in scan verging 
free radicals and reducing lipid peroxidation requires further investigation.
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C H A P T E R  N I N E
9. ELUCIDATION OF THE CYTOXICITY EFFECT OF 
OXIDIZED LIPIDS ON CULTURED CACO-2 CELLS 
USING BIOIMAGING TECHNIQUES.
9.1. INTRODUCTION
Fish lipids contain substantial amounts of polyunsaturated acids that are beneficial to 
health but are susceptible to oxidation. Oxidized polyunsaturated fatty acids generate 
free radicals and hydroperoxides. Hydroperoxides break down to many products such 
as aldehydes. Lipid peroxidation products are toxic and can oxidize proteins and 
cause severe damage to cells including human cells and contribute to many diseases 
such as atherosclerosis, diabetes and cancer (Hanahan and Weinberg, 2000); (Sun et 
al, 1998). Although there are many antioxidant complexes that can defend living 
cells from oxidative stress, such as enzymatic (catalase, superoxide dismutase and 
glutathione peroxidase) or nonenzymatic (vitamin A, E and C) antioxidants, these 
antioxidants may be overwhelmed, when oxidative stress increases. Lipid 
peroxidation products can regenerate free radicals in lipid cell membranes which can 
be detected by ESR spectroscopy. Free radicals can accelerate oxidation in cells 
leading ultimately to cell death. Two forms of cell death, namely apoptosis and 
necrosis, are distinguished by morphological and biochemical changes. Necrosis 
results in cell swelling and disruption of the cell membrane and release of cell content 
leading to inflammation (Girotti, 2001). In apoptosis cells shrink, DNA fragments 
and the nuclei condense. In addition, apoptosis is associated with activating a family 
of cysteine aspartic acid-specific proteases known as caspases (Muzio, 1998). 
Previous studies revealed that PUFAs induce apoptosis and inhibit cell 
proliferation/viability in vitro (Arita et al, 2001; Alghazeer and Howell, 2007b).
Traditionally, cytotoxicity is evaluated by biological assays such as cell viability, 
fluorescence microscopy and electrophoresis techniques (Chan et al, 2006). All of 
these assays require optimization in terms of the amount of cell material and staining 
procedure. In addition, these assays sometimes take up to 2 to 3 days to complete and
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are unable to detect small changes. Consequently, new methods are starting to be 
developed. Among recent advances in techniques, Raman microspectroscopy of 
human cells and tissues has received increasing attention, as it requires minimal 
sample handling, inexpensive chemical labels or dyes and can produce results within 
a short time. Spectroscopy techniques are able to detect the chemical composition 
and compositional changes in the cells and tissues.
Raman spectroscopy utilizes differences in the vibrational energy of chemical bonds, 
manifested as scattered light following excitation to produce spectrograms that can be 
used to differentiate biologically associated chemicals such as nucleic acids, proteins, 
lipids, and carbohydrates in human cells, viruses, bacteria and tissues because both 
the intensity and frequency of these molecular vibrations are sensitive to interactions 
and the environment of the biomolecules (Notingher et a l 2003; Puppels et al., 1990; 
Naumann, 2001a; Badii and Howell, 2002a). A Raman spectrum provides 
information about chemical composition, bonding situation, symmetry, structures and 
physical parameters such as length of bonds. A complementary vibrational technique, 
Infrared spectroscopy has been applied to the analysis of cell death and cell cycle 
(Boydston-White etal., 1999).
A recent development is Raman microscopy that combines a light microscope which 
focuses the laser on the cell and collects the Raman scattered photons with a Raman 
spectrometer for rapid biological microanalysis. Raman microscopy is non-invasive 
(no label or marks are required), relatively rapid and not disruptive if a suitable laser 
wavelength and power is applied (Notingher et ah, 2002; Notingher et al, 2003). 
Raman microscopy makes it possible to gather the information about both the 
morphology and the chemical composition. Because of the highly specific 
information content of spectra an accurate identification can be achieved using these 
techniques. Therefore, it has been applied intensively in cancer research studies 
(Crow et al, 2004) in order to detect cell death and identify its mechanisms (apoptosis 
or necrosis) in understanding certain diseases. A comparison between measured 
Raman spectra of healthy living and dying cells demonstrated significant spectral 
differences which can be used as markers of cell viability (Notingher et al, 2003). 
For example, the Raman spectrum of dead human lung-derived cells (A549 cell line)
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showed a reduction in 788 and 782 cm' 1 Raman peaks by 80 and 60 % respectively 
resulting from the break down of phosphodiester bonds and DNA bases.
Also, atomic force microscopy (AFM) (Binnig et al., 1986) has been used 
increasingly to investigate microbial surfaces at high resolution by providing three- 
dimensional images of the surface ultrastructure with molecular resolution. Atomic 
force microscopy (AFM), a type of scanning probe microscopy, is one of the latest 
imaging techniques that can produce images of surface topography on the atomic 
scale. By using a probe with a tip size of one atom to scan across a surface, the 
interatomic forces cause changes in surface topography. The deflection of the probe 
is measured as a height change in tapping mode, where the probe is lightly tapped 
onto the surface as it scans. AFM has been applied in biological materials (Dufrene,
2 0 0 2 ) to measure intramolecular and intermolecular forces associated with biological 
systems (Benoit et al., 2000; Hinterdorfer et a l , 1996; Lee et al, 1994). Besides 
imaging the topography of living cells, AFM is used to measure the mechanical 
properties and biological functions in response to mechanical stimuli (Jena and 
Horber, 2002; Morris et al., 1999) by measuring force-distance curves, which 
represent the relation between the loading force and the depth of indentation as the 
AFM tip is pushed against the cell surface (Tao et al, 1992; Rotsch and Radmacher, 
2000). The application of atomic force microscopy (AFM) as a diagnostic tool of 
cell morphology is of great interest since high resolution images may be obtained 
close to the physiological conditions (Dufrene et al., 1999).
The aim of this study was to assess the biochemical and morphological changes in 
caco-2 cells exposed to cytotoxic oxidized lipids (fish oil or ML) using ESR, AFM 
and Raman microscopy.
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Figure 9.1. General principle of atomic force microscopy (AFM) (Dufrene,
2 0 0 2 ).
9.2. MATERIALS AND METHODS
9.2.1. Cell cultures
Caco-2 cells (2 x 104) were grown in a 25 cm3 plastic flask at 37 °C in air with 5 % 
C 0 2 in Dulbecco’s Modified Eagle’s Medium (DMEM). The medium was 
supplemented with 50 % FBS (foetal bovine serum), 0.5 % glutamine (20 mM, Gibco, 
Scotland, UK) and 0.5 % penicillin (1 mg/lOOml), Gibco, Scotland, UK), and 1 % 
non-essential amino acids defined as standard medium. Media were changed three 
times per week. For subcultures, the media was removed and the cells were detached 
from the culture flask with 1 ml trypsin/EDTA (Gibco, UK) after a 3 ml PBS wash. 
In order to stop trypsinisation, culture solution (5 ml) with 50 % FBS media was 
added. Cells were centrifuged at 120 x g for 5 minutes and resuspended with fresh 
medium for seeding in plates or new culture bottles.
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9.2.2. Sample preparation
Cells were grown in 6  well plates until 80 % confluent, then incubated at 37 °C for 24 
h with 24, 48 or 72 h UV oxidized lipids (fish oil or methyl linoleate) (100 pg/ml). 
The cells were scraped and were washed two times with ice cold PBS.
9.2.3. ESR spectral measurement of caco-2 cells
Collected cells were mixed with spin trap 2-methyl-2-nitrosopropane (MNP) (25 mM) 
in DMSO. MNP was used for the detection and analysis of radicals formed as a result 
of exposure of caco-2 cells to hydroperoxide radicals from oxidized ML. The mixture 
was stored at -20°C for 1 week prior to ESR measurement.
ESR spectra were recorded in a quartz tube at room temperature with a Jeol RE IX X- 
band spectrometer (Germany) operating at 9.71 GHz with 100 kHz magnetic field 
modulation. The following conditions were used: power 5 mW, central field 328.5, 
sweep width 10 mT, modulation 0.5 mT and receiver gain in the range 200-1000. 
First -derivative spectra were recorded and were acquired into a PC using EW 
software (Scientific Services) and subsequently processed using Excel (Saeed et a l , 
2006).
9.2.4. Atomic force microscopy (AFM) measurements
Cell suspensions were spin-coated onto small pieces (1 cm x 1 cm) of mica and were 
analyzed with an atomic force microscope (NTEGRA, NT-MDT, Moscow, Russia) 
within 24 hours of casting. All scans were carried out with intermittent contact 
(tapping mode) between the AFM tip and the film surface. All scans used a silicon 
cantilever (AC160TN, Olympus) equipped with an ultrasharp, conical silicon tip 
having a radius of curvature less than 10 nm. The nominal resonant frequency^ of
the cantilever is about 280 kHz and its spring constant k is about 42 N/m. AFM 
images were recorded simultaneously in the topographic (height) mode and in the 
phase mode, with scan sizes ranging from 2 pm to 50 pm.
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9.2.5. Ram an microspectroscopy measurements
Since the strong asymmetry of water molecules give very weak Raman bands and can 
interfere with the spectra of the sample, our samples were freeze dried. Raman 
spectra were recorded using a Renishaw System 2000 spectrometer, equipped with a 
Leica microscope for both sample illumination and collection of the scattered light. A 
GaAlAs laser (wavelength 782 nm) was used for excitation, producing a maximum of 
9 mW at the focal plane of a conventional 50 x objective typically used to illuminate 
the sample. A grating of 1200 lines per mm was utilized to disperse the collected and 
laser-filtered Raman signal across a Peltier cooled CCD camera. The spectral 
resolution was 4 cm' 1 for all measurements. On-chip integration times ranged upto 
128 seconds, and co-addition of up to 16 spectra was used to further improve the 
signal-to-noise ratio. The lateral spatial resolution of the system was determined at
1.4 pm using a layered silicon sample, and the depth resolution as 7 pm using a thick 
polyethylene sample. The Raman spectrum of each sample was calculated as the 
average of the Raman spectra from 3 different regions, of three different experiments.
9.2.6. Statistical measurements
Data statistical analyses were achieved using SPSS for windows (SPSS Inc., Chicago, 
IL). One way ANOVA and Tukey’s post hoc tests were calculated with significance 
level of p<0.05. Principal component analysis (PCA) was performed to generate PCs 
comprising a reduced number of orthogonal variables that accounted for most of the 
total variance in original spectra. Each PC is related to the original spectrum by a 
variable called the PC score, which represents the weight of that particular component 
against the basic spectrum. In order to analyse the PCA data, a simplified 
presentation of the PC coefficients of the included variables was used (Jolliffe, 2002). 
A single positive or negative sign indicates a coefficient between a fourth and half of 
the largest absolute value while double positive or negative is assigned for the PC 
coefficient that is higher than half the maximum coefficient in absolute value and an 
empty space is assigned when the value is below a fourth of the largest absolute value.
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9.3. RESULTS AND DISCUSSION
In this study, the use of microspectroscopy allowed the direct monitoring of structural 
changes at molecular level and the details from the Raman spectra analysis provided 
valuable information on cell damage resulting from endogenous or exogenous toxic 
compounds.
9.3.1. ESR spectroscopy
In our study, increased generation of ROS was detected following oxidized lipid 
treatments for 24 h using ESR measurement, the only direct method to detect free 
radicals. Each molecule with unpaired electrons has its characteristic spectrum, 
because of the coupling of the unpaired electron with both the nuclear spin of the 
molecule and the magnetic fields. In physiological systems and under normal 
conditions, toxic oxygen free radicals are produced by mitochondria during 
respiratory metabolism and controlled by cellular antioxidant defence systems 
(Halliwell 1992). However excess free radicals can disrupt this balance and lead to 
oxidative damage.
c
Figure 9.2. ESR spectra produced from caco-2 cells incubated for (a) 0, (b) 4 or 
(c) 24 h with 100 pg/ml (24 h) UV-oxidized methyl linoleate. The spectra were 
recorded with a modulation of 100 kHz, 5 mW of microwave power, central 
magnetic field 328.5 G with scan 200 G and 4 G at room temperature.
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In order to investigate the level of free radicals in cells and whether it is increased 
after treatment with oxidized lipids, ESR measurements were conducted. ESR spectra 
of caco-2 cells and caco-2 cells incubated with 24 h UV oxidized ML for 4 h or 24 h 
are shown in figure 9.2. All samples were stored at -20 °C for one week before 
measurements. We have previously established that the free radicals are stable at -20 
°C (Saeed et al., 2006). All samples showed an isotropic three line spectrum with 
hyperfine coupling typical of a nitroxide radical. With the untreated cells (control), 
the signal had a g value of 2.0053 and aN = 15.46. In contrast, cells incubated with 24 
h UV oxidized ML for 4 h had g = 2.0091; aN = 14.76 and g = 2.0063; aN = 15.76 for 
24 h incubation. The change in aN values show a shift of the radical site from lipid to 
protein (Saeed et al., 2006). The intensity of spectra in samples treated with oxidized 
ML was significantly higher compared with caco-2 cells alone indicating that free 
radicals from added oxidized lipids attack the cell membrane and regenerate free 
radicals. There was a small decrease in the ESR signal in samples incubated with 
oxidized ML for 24 h compared with 4 h incubation suggesting that free radicals 
attack further molecules and form other products such as aldehydes (Saeed et al, 
2006).
9.3.2. Atomic force microscopy (AFM)
The surface topography of untreated and treated cells was visualized by AFM in order 
to determine the impact of oxidized lipids on caco-2 cell morphology. The 
combination of optical and AFM imaging allows better interpretation of the links 
between the changes in cell structure. Figure 9,3 shows 50 pm x 50 pm tapping-mode 
AFM topographical images of untreated and treated caco-2 cells. The surface 
morphology of caco-2 cells (Figure 9.3 A) differed markedly from that of treated cells. 
It is clearly evident that untreated cells (Figure 9.3 A) are characterized by a very 
smooth surface, lacking roughness and holes. In contrast, the images of caco-2 cells 
incubated with 72 h UV-oxidized fish oil or ML showed a dramatic change in cell 
structure especially in the cell membrane and nucleus (Figure 9.3 B and C). There 
was correlation between changes in cell height and cell morphology thus the cell 
height increased from 600 nm for untreated cells to 2 0 0 0  mn for cells incubated with 
72 h oxidized lipids, indicating cell membrane disruption and aggregation. Line 
profile analysis also showed dramatic changes in treated samples; untreated cells
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showed one peak while treated cells show many peaks indicating that lipid 
peroxidation products such as aldehydes may interact with cell components leading to 
aggregation and crosslinking.
9.3.3. Raman microspectroscopy
Results show that information on all major cell components (lipids, proteins and 
nucleotides) is contained in the Raman spectra. Table 1 summarises the assignment 
of wave numbers of some regions that have specific biological significance according 
to the literature (Carter and Edwards, 2001; Naumann, 2001a; Pappas et al, 2000; 
Maquelin et al, 2002; Naumann, 2001a). The band at 1449 cm' 1 is assigned to C-H 
deformation vibrations in all the components of the cells (Naumann, 2001b; Stone et 
al., 2 0 0 2 ) and was used to normalize the spectra as it does not change much within 
cell type. Relative intensities of bands assigned to Raman microscopy spectra are 
shown in table 2 .
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Figure 9.3 . AFM surface topography and line profile analysis of (A) untreated 
caco-2 cells; ( B) caco-2 cells treated with 72 h UV-oxidized mackerel oil (100 
pg/ml) for 24 h; (C) cells incubated with 72 h UV-oxidized methyl linoleate (ML) 
(100 pg/ml) for 24 h.
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Peak assignment 
(cm'1)
Assignmenta
3059 (C=C-H)(arom) str
2975 CH3 str
2935 CH3 and CH2 str
2870-2890 CH2 str
1735 >C=0 ester str
1650-1680 Amide I
1614 Tyr
1606 Phe
1575 Guanine, adenine
(ring str)
1440-1460 C-H def
1295 CH2def
1230-1295 Amide III
1129 C-N and C-C str
1 1 0 2 > PO2' str (sym)
1085 C-0 str
1061 C-N and C-C str
1004 Phe
852 Tyr (buried)
829 Tyr (exposed)
785 Cytosine, uracil
(ring, str)
720 Adenine
665 Guanine
640 Tyr (skeletal)
620 Phe (skeletal)
520-540 S-S str
a str^sfretching; def=deformation; sym=symmetric; asym=antisymmetric
Table 9.1. Tentative assignments of important bands in FT-IR and Raman 
spectra in cells of biological specimens (Maquelin e t  a l , 2002).
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Figure 9.4 presents a micrograph and normalized Raman spectra of untreated caco-2 
cells and figure 9.5 shows a comparison of the normalized Raman spectra of caco-2 
cells subjected to different treatments of oxidized ML and fish oil.
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Figure 9.4. Raman microscopy of: (A) Caco-2 cells image under 100 x objective 
(B) Raman spectra (a) 2700-3100 cm ' 1 and (b) 1800-600 cm' 1 regions obtained 
from untreated cells.
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Assignment Wave Cont 24 F 48 F 72 F 24 ML 48 ML 72 ML
a number
( ±  2 cm'1 
)
(C=C- 3059 0.06 0.03 0.03 0.02 0.01 0.03 0.013
H)(arom) ±  0.0001 ±  0.0001 ±  0.0002 ±  0.0002 ±  0.005 ±  0.001 ±  0.001
str
CH3 str 2975 0.22 0.15 0.12 0.14 0.17 0.21 0.13
±  0.006 ±  0.002 ±  0.001 ±  0.001 ±0.001 ±  0.002 ±  0.001
CH3 and 2935 0.71 0.79 0.31 0.36 0.42 0.61 0.29
CH2 str ±  0.004 ±  0.005 ±  0.001 ±  0.002 ±0.031 ±  0.004 ±  0.004
CH2 str 2878 0.61 0.51 0.25 0.28 0.36 0.48 0.21
±  0.002 ±  0.003 ±  0.002 ±  0.001 ±  0.020 ±  0.005 ±  0.005
>C=0 ester 1735 0.20 0.05 0.04 0.01 0.04 0.07 0.03
S tt ±  0.001 ±  0.0001 ±  0.0003 ±  0.0001 ±  0.003 ±  0.0001 ±0.0001
Amide I 1650 1.1 1.0 0.71 0.67 0.46 0.88 0.68
±  0.023 ±0.010 ±  0.005 ±0.012 ±  0.024 ±  0.005 ±  0.005
tyr 1614 0.61 0.25 0.22 0.24 0.18 0.29 0.23
±0.010 ±  0.001 ±  0.001 ±  0.002 ±0.021 ±  0.001 ±  0.005
phe 1606 0.48 0.034 0.17 0.25 0.23 0.30 0.26
±  0.024 ±  0.0001 ±  0.001 ±  0.001 ±  0.006 ±  0.002 ±0.001
Guanine, 1575 0.30 0.21 0.19 0.11 0.16 0.13 0.24
adenine ±  0.002 ±  0.005 ±  0.002 ±  0.001 ±0,001 ±0.010 ±  0.002
(ring str)
CH2 def 1295 0.99 0.62 0.5 0.43 0.60 ± 0 . 0.59 0.64
±  0.023 ±  0.002 ±  0.003 ±  0.001 002 ±  0.003 ±  0.003
Amide III 1254 0.58 0.53 0.44 0.40 0.41 ±  0. 0.49 0.32
±  0.007 ±  0.002 ±  0.006 ±  0.001 001 ±  0.006 ±  0.002
C-N and 1129 0.03 0.14 0.21 0.24 0.26 ± 0 . 0.26 0.23
C-C str ±  0.001 ±  0.001 ±  0.002 ±  0.005 003 ±  0.001 ±  0.003
> PO2' str 1102 0.31 0.49 0.32 0.30 0.29 ± 0 . 0.35 0.35
(sym) ±  0.002 ±  0.005 ±  0.001 ±  0.001 005 ±  0.024 ±  0.005
C -0 str 1085 0.47 0.58 0.29 0.32 0.32 ± 0 . 0.36 0.32
±  0.005 ±  0.024 ±  0.003 ±  0.001 002 ±  0.002 ±0.001
C-N and 1061 0.48 0.48 0.22 0.21 0.19 0.20 0.19
C-C str ±  0.006 ±  0.003 ±  0.002 ±  0.003 ±0.010 ±  0.001 ±  0.002
phe 1004 0.66 0.54 0.48 0.39 0.12 0.42 0.22
±  0.020 ±  0.005 ±  0.006 ±  0.002 ±0.001 ±0.010 ±  0.002
Tyr 852 0.13 0.13 0.16 0.15 0.20 0.23 0.15
(buried) ±  0.002 ±  0.001 ±  0.001 ±  0.002 ±0.011 ±  0.005 ±  0.001
Tyr 829 0.26 0.47 0.13 0.12 0.14 0.17 0.11
177
(exposed) ±  0.004 ±  0.001 ±  0.002 ±  0.001 ±  0.003 ±  0.001 ±  0.001
Cytosine, 785 0.27 0.21 0.1 0.07 0.1 0.12 0.08
Uracil ±  0.002 ±  0.007 ±  0.006 ±  0.001 ±0.001 ±  0.003 ±  0.001
(ring, str)
Adenine 720 0.44 0.2 0.17 0.19 0.11 0.27 0.05
±  0.004 ±  0.001 ±  0.001 ±  0.003 ±  0.002 ±  0.001 ±  0.001
Guanine 665 0.18 0.09 0.08 0.05 0.04 0.09 0.05
±  0.001 ±  0.002 ±  0.002 ±  0.005 ±0.001 ±  0.002 ±  0.001
Tyr 640 0.51 0.37 0.27 0.10 0.09 0.14 0.08
(skeletal) ±  0.002 ±  0.004 ±  0.002 ±  0.001 ±  0.003 ±  0.005 ±  0.005
Phe 620 0.14 0.11 0.09 0.07 0.06 0.08 0.06
(skeletal) ±  0.0005 ±  0.002 ±  0.001 ±  0.0001 ±  0.000 ±  0.001 ±  0.003
S-S str 520 0.23 0.15 0.09 0.08 0.09 0.14 0.15
±  0.001 ±  0.002 ±  0.0001 ±  0.0002 ±  0.001 ±  0.001 ±0.001
Table 9.2. Relative intensity values at selected regions of Raman spectra of caco- 
2 cells treated with UV-oxidized methyl linoleate (ML) or fish oil (F). Data is 
expressed as the mean ± SD of three baseline-corrected and normalized spectra 
of 128 co-added scans.
Figure 9.5 shows the Raman spectra for untreated and treated caco-2 cells for 24 h 
with methyl linoleate or mackerel oil previously exposed to UV light for 24, 48 and 
72 h respectively. Most of the important variations between treated and untreated 
cells occur at the positions corresponding to nucleic acids peaks: DNA phosphodioxy 
group PO2' symmetric stretching at 1095 cm'1, DNA back bone O-P-O stretching at 
788 cm' 1 and 828 cm'1, the vibrations of DNA bases cytosine and thymine at 782 cm' 1 
and adenine 728 cm’1. Additionally, there were differences in the C-H stretching 
bands in the range of 2700-3100 cm" 1 and CH deformation at 1450 cm'1; these bands 
are most likely correlated to CH3, CH2 and CH functional groups in lipids and amino 
acid side chains of proteins, and carbohydrates.
There were also changes in the protein bands, amide I at 1660 cm'1, amide III in 
different conformations at 1238 cm' 1 (random coil), 1258 cm' 1 ((3-sheet) and 1271 
cm' 1 (a-helices), C-N stretching at 1122 cm" 1 and 1085 cm"1, CH2/CH3 bending 
vibration at 1449 cm"1, CH2 twisting at 1340 cm'1, and ring breathing vibration of 
phenylalanine at 1002 cm'1. The CH2 corresponding to lipid content in the cell
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membrane contributed to the band at 1302 cm*1 (CH2 twisting mode) and 1449 cm*1 
band (CH2 scissor mode).
Wave number (cm-1)
Figure 9.5. Comparison of the Raman microscopy spectra (500-3500 cm"1) of 
caco-2 cells incubated for 24 h with (100 pg/ml) of (a) 24, (b) 48 and (c) 72 h UV- 
oxidized methyl linoleate or (d) 24, (e) 48 and (f) 72 h UV-oxidized fish oil.
Figure 9.6 shows a reduction in the amount of nucleic acids in the treated cells. This 
reduction is indicated by a decrease in the relative intensity in the band 720 and 782 
cm' 1 that correspond to cytosine and thymine which decreased by 23 %, 62 %, and 75 
% for samples treated with 24, 48 and 72 h UV-oxidized fish oil, and 53 %, 63 % and 
69 % in samples treated with 24, 48 and 72 h UV-oxidized ML respectively. In 
addition, due to the break of the diphosphoester bonds, there was a decrease in the 
peak 1059 cm' 1 by 20 %, 50 %, and 45 % for samples treated with 24, 48 and 72 h 
UV-oxidized fish oil, and 38 %, 47 % and 44 % in sample heated with 24, 48 and 72 
h UV-oxidized ML respectively.
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□ 720 
■ 785
□ 1085
Figure 9.6. Spectral differences in Raman bands 720, 785 and 1085 cm'1 between 
freeze-dried untreated and treated cells. Caco-2 cells were incubated for 24 h 
with methyl linoleate (ML) or fish oil (F) oxidized under UV light for 24, 48 and 
72 h.
A deconvolution procedure was used to better analyse the 1200-1400 cm' 1 Raman 
region which includes many important bands corresponding to proteins, nucleic acids 
and lipid. The fitted peaks are the weak band 1367 cm' 1 assigned to symmetric CH3 
stretching of phospholipids; vibrations of adenine and carbohydrates and C-H 
deformation of proteins at 1342 and 1320 cm'1; CH2 twisting of phospholipids at 1301 
cm'1; peaks at 1284 (alph-helix), 1258 and 1242 (beta sheet), and 1231 cm' 1 (random 
coil) corresponding to amide III vibrations of proteins in various conformations as 
well as the C-C6 H5 stretching of phenylanaline at 1209 cm'1. The in-plane 
deformation of =CH of lipids also contribute to the spectrum between 1260 and 1300 
cm'1. Peak fitting in 1200-1400 cm' 1 region results indicated a significant reduction 
in the spectrum of treated cells compared to untreated cells, especially for samples 
treated with 72 h UV-oxidized ML or fish oil (Figure 9.7). The band 1336 cm' 1 
corresponding to DNA bases adenine and guanine were reduced from 38 % to 21.7,
20.4 and 17.8 % (p<0.03) in samples treated for 24 h with 24, 48 and 72 h UV- 
oxidized fish oil respectively. Such a decrease was also detected in cells incubated 
with oxidized ML for 24 h where the decrease was by 13.6, 21 and 18.2 % (p<0.01) 
for 24, 48 and 72 h UV-oxidized ML respectively. Cellular membrane damage was 
investigated by monitoring the peaks at 1231 cm' 1 which corresponded to random coil
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and indicated changes in protein conformation. It is reported that the protein strands 
become more associated with alpha helices and beta sheets during cell death 
(Notingher et a l , 2002). This conformational change clearly was shown by increase 
in the width of amide I band from 78 in untreated sample to 89, 120 in samples treated 
with 24, 72 h UV-oxidized ML. Also the ratio (1302 cm'Vamide III) that is assigned 
to the Raman intensity of lipid vibration at 1301 cm' 1 and Raman intensity of amide 
III protein band decreased from 1.7 to 1.2 and confirmed structural damage in the cell 
membrane (Table 9.3). Similarity the ratio of the 1336 cm" 1 band to the amide III 
band also decreased.
Sample caco-2 
cells
ratio (1302 cm' 1 /amide III) ratio (1336 cm'1/ amide III)
Untreated 1.7 ±0.002 2 . 1  ± 0 . 0 0 1
24 h OF 1.4 ± 0.001 1.5 ±0.001
48 h OF 1.3 ±0.001 1.3 ±0.003
72 h OF 1.2 ±0.003 1 . 1  ± 0 . 0 0 1
24 h OML 1 .2 ± 0 . 0 0 1 0 . 6  ± 0 . 0 0 2
48 h OML 1.4 ± 0.001 1.3 ±0.001
72 h OML 1.3 ±0.002 0.7 ± 0.0001
Table 9.3. Ratio of the peak area of the 1302 cm' 1  band assigned to the lipid 
deformation mode or at 1336 cm' 1  assigned to guanine and adenine DNA bases 
and the area of amide III bands related to protein vibration. Caco-2 cells were 
treated with 24, 48 and 72 h UV-oxidized fish oil (OF) or methyl linoleate 
(OML).
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(a)
(b) (c)
Figure 9.7. Peak fitting of 1190-1385 cm ' 1 region corresponding to (a) untreated 
caco-2 cells and (b) caco-2 cells were incubated for 24 h with 72 h UV-oxidized 
fish oil ( 1 0 0  pg/m l) and (c) methyl linoleate ( 1 0 0  pg/ml).
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The Raman band at 1743 cm' 1 has been studied by FTIR and Raman microscopy and 
is related to non-hydrogen bonded carbonyl C=0 stretching in phospholipids. The 
intensity of 1743 cm' 1 peak decreased from 0.2 untreated sample to 0.05, 0.04, and 
0.01 for samples treated with 24, 48 and 72 h UV-oxidized fish oil, and 0.04, 0.07 and 
0.03 in samples treated with 24, 48 and 72 h UV-oxidized ML respectively, indicating 
oxidative damage occurring during apoptosis (Boydston-White et al, 1999). In 
addition, a substantial increase in the peak at 1604 cm' 1 was shown; this peak 
increased from 0.05 in the control samples to 0.12 and 0.086 in samples incubated 
with 100 pg/ml 72 h UV-oxidized ML and fish oil respectively (P<0,05). According 
to previous studies, an increase in the band 1602 cm' 1 was found to accompany DNA 
fragmentation and damage in cellular membrane. These features are the main 
characteristics for cell apoptosis (Notingher et al., 2002).
9.3.4. Principal components analysis
PCA is a mathematical reduction of the dimensionality of the measurement matrix 
into fewer variables (principal components) that explain the most significant variance 
between data (Wold et al., 1987). Component 1 of PCA explains 66.2 % of the 
variation between treatments, while an additional 18.1 % of the variation can be 
distinguished by PC2 (Table 9.4). The peaks assigned to protein (1002, 1660, 1238, 
and 1271 cm"1) and lipids (1449 and 1340 cm*1) and nucleic acids (788, 828, 782 and 
1095 cm'1) are responsible for the majority of the differences between the control and 
treatments. All Raman spectral characteristics that are responsible for the separation 
observed in the PCA plots are shown in table 9.5 (Jolliffe, 2002). In order to facilate 
the comparison between caco-2 cells (control) and treated Caco-2 cells, PC scores 
were plotted where each sample was placed as defined by Raman data through PC 
coefficients (Figure 9.8).
PC Eigenvalues % of variance Cumulative %
1 15.882 66.175 66.175
2 4.342 18.091 84.266
Table 9.4. Principal component (PC) solutions of the FT-Raman spectra data of 
caco-2 cells untreated and treated with oxidized lipids.
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The most discriminating peaks intensity can be visualized in table 9.2 for the first two 
components. Significant changes display relatively high or low peaks in this 
representation. Separation on PCI is largely influenced by the 1129 cm' 1 band and 
less by 829, 1575 and 2935 bands cm' 1 Raman bands which are attributed to nucleic 
acids, protein, and lipids indicating the variation in cell contents between samples. In 
addition, most of the interesting peaks are defining peaks in PCI.
Wave number 
(cm-1 )
Component
1 2
520 ++
620 ++
640 ++
665 ++ +
720 ++ +
785 ++
829 ++ —
852 - +
1004 ++
1061 ++ -
1085 ++ —
1 1 0 2 + 1
1129 —
1254 ++
1295 ++ + i
1575 ++ ++
1606 + ++
1614 ++ +
1650 ++
1735 ++ +
2878 ++
2935 ++
2975 ++ + j
3059 ++
Table 9.5. Principal component (PC) coefficients for the relevant FT-Raman 
microscopy spectral data from PCI and PC2. A greater difference from 0 
indicates greater contribution of that peak to the PCA separation for caco-2 cells 
treated with oxidized lipids
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sample 
#  Cont. ▲ 24 F
■  24M ▼ 48F
±JM8M •  72F 
^  72M
-1.00000 -0.50000 0.00000 0.50000 1.00000 1.50000 2.00000
Component 1(66%)
Figure 9.8. Principal component analysis of Raman spectra of caco-2 cells 
exposed to 100 pg/ml oxidized lipids for 24 h. The plot shows separation between 
PCI and PC2. Treatments are related to 24, 48 and 72 h oxidized methyl 
linoleate (ML) or fish oil (F).
The PCI versus PC2 plot for untreated and treated caco-2 cells solutions showed 
differences caused by the toxicity effect of oxidized lipids where treated samples (24, 
48 and 72 h h UV-oxidized ML or 48, and 72 h UV-oxidized fish oil) were clearly 
separate from untreated (control) and cells treated with 24 h UV oxidized fish oil. 
This separation complemented the PV values of oxidized lipids thus samples treated 
with 24, 48, and 72 UV-oxidized ML and 48, and 72 UV-oxidized fish oil are grouped 
together and have similar PV values (1000 Meq/kg) while samples treated with 24 
oxidized fish oil moved forward to PC2 and had the lowest PV values ( 200 Meq/kg).
Samples treated with 24, and 72 h UV-oxidized ML and 48, and 72 h UV-oxidized 
fish oil were defined by high values in the C-N and C-C stretch, guanine, adenine 
(ring stretch) and Phc (1129, 1575 and 1606 cm'1) and low values for most of 
variables assigned to DNA, lipid and proteins. Cells treated with 48 h UV-oxidized 
ML showed a similar pattern but to a lesser extent. Samples treated with 24 h UV-
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oxidized fish oil were defined by a high content of DNA bands (829, 1202 and 829) 
cm4  and low content in 1575 and 1606 cm' 1 bands.
9.4. CONCLUSION
Cytotoxicity effects due to 24 h exposure of caco-2 cells to 100 pg/ml oxidized lipids 
(ML or fish oil) have been investigated. The analysis of caco-2 cells by Raman 
microscopy yielded spectra which showed changes in the chemical composition while 
morphological changes were confirmed by AFM images of the cells resulting from 
treatment with oxidized methyl linoleate and fish oil. These changes related mainly to 
DNA breakdown of the membrane which comprises lipid and high protein content. 
High-resolution AFM imaging provides the opportunity to monitor the mechanical 
behaviour of the cell surface. Besides surface imaging, AFM force measurements can 
be used to probe molecular interactions, physicochemical properties, surface 
roughness, and macromolecular elasticity, contributing to our knowledge of cell 
surface functions.
This study is the first investigation in relation to biomolecular modification of cells at 
cellular level by exposure to toxic oxidized lipids. Our results demonstrated that the 
main changes were in DNA, further studies are being undertaken on the extraction 
and monitoring of molecular conformational changes in DNA structures from cells by 
Raman microscopy and AFM.
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C H A P T E R  T E N
10. GENERAL DISCUSSION
10.1. Fish quality
The nutritional and functional properties of Atlantic mackerel (Scomber scombrus) 
muscle were investigated in this study. Atlantic mackerel muscle is considered as an 
important source of lipids and proteins in human diets. However, the high content of 
PUFA cause rancidity due to lipid oxidation and also protein denaturation (Saeed and 
Howell, 1999; Saeed and Howell, 2002; Saeed and Howell, 2004).
Proximate analysis of Atlantic Mackerel muscle indicated a high lipid (3.7+0.19 %) 
and protein (19.90±0.5 %) content; the moisture content was 73.7±0.19 %. The 
saturated lipid fraction (14:0, 16:0, 18:0) was 26.91 %. Palmitic acid (16:0) was the 
most important single fatty acid within this fraction 14.9 ± 0.66 %. The total 
unsaturated fatty acids were 23.4 % and the major fatty acids were docosahexaenoic 
acid (DHA) acid and eicosapentaenoic acid (EPA), comprising 14.7 ± 1.21 % and 4.9 
± 1.38 % respectively. The amount of lipids in Atlantic Mackerel are influenced by 
seasonal variations (Ackman, 1994; Love, 1988). The effects of frozen storage on 
both proteins and lipids in Atlantic mackerel stored for 26 weeks at -10 °C with or 
without antioxidant (Japanese green tea) and -80 °C (control) were investigated.
10.2. The effect of lipid peroxidation products and frozen storage on protein 
structure and functionality
The effect of frozen storage on protein extractability and changes in rheological 
properties and texture were investigated in Atlantic mackerel stored for 26 weeks at - 
10 °C with and without antioxidant (green tea) and at -80 °C (control).
The effect of temperature and time of storage on proteins was evident in the present 
study. Both the extractability of salt and soluble proteins showed a higher decrease at 
-10 °C compared with those stored at -80 °C or at -10°C with the antioxidant (p<0.01). 
The decrease in extractability and solubility of proteins correlated with the amounts of 
oxidized lipids and oxidized proteins (p<0.05). Solubility changes were accompanied 
by changes in texture and development of toughness in the fish muscle.
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Formaldehyde levels also increased at -10 °C in the absence of the antioxidant and 
may have contributed to protein denaturation as in the study of (Ang, 1989). 
Although substantial FA formation is reported in lean gadoid species fish like cod 
(Badii and Howell, 2001) and lizard fish (Benjakul et al, 2004), this is the first time 
that formation of FA and DMA has been reported in fatty fish like Atlantic mackerel. 
The antioxidant (green tea) improved protein solubility at -10 °C particularly the 
sample treated with a 250 ppm and decreased FA level. In contrast, the addition of a 
high concentration of green tea (500 ppm) to the sample increased the rate of 
oxidation. The difference in the viscoelastic properties of mackerel muscle stored at - 
10 °C (with and without antioxidants) and at -80 °C, as assessed by small deformation 
rheology showed that the final elastic modulus (G’) values, after heating and cooling, 
were higher for samples stored at -10 °C (without antioxidant), as compared to 
samples stored at -10 °C (with antioxidant) or at -80 °C. However, the addition of 
green tea did not decrease the G’ values significantly partially due to protein-green tea 
interaction (Wu et al, 2007) that can enhance rheological properties.
There were substantial changes in the protein structure due to frozen storage, 
especially at the -10°C without antioxidant compared with -80 °C and -10 °C with 
antioxidant. Raman spectra revealed protein denaturation which was indicated by a 
decrease in the tyrosine doublet ratio, alpha helix content and O-H stretching bands 
intensities and an increase in tryptophan band intensity and P-sheet structure. The 
changes may be attributed to ice formation, crystal growth pattern and lipid 
peroxidation during freezing and frozen storage as reported by Badii et al., (2004). 
Using green tea as an antioxidant, concentrations of 250 ppm can protect the fish 
muscle for a limited storage period. However, for optimum freshness, fish should be 
stored at -30 °C or lower temperature (Saeed and Howell, 2002; Saeed and Howell, 
2004).
Mackerel is a fatty fish that has high content of polyunsaturated fatty acids 
(percentage). Thus mackerel lipids can easily be oxidized, producing undesirable 
products such as peroxides and aldehydes (Saeed and Howell, 2002; Saeed and 
Howell, 1999a). Lipid peroxidation products particularly aldehydes contribute to 
rancidity and food deterioration, toughening of fish during frozen storage as well as
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protein and DNA damage via crosslinking (Barbouti et al., 2002; Basu et al., 1988; 
Beppu et al, 1988).
Lipid oxidation and the production of primary and secondary products were followed 
by peroxide value (PV value), thiobarbituric reactive substances (TBARS), high 
pressure liquid chromatography (HPLC), gas chromatography (GC) and liquid 
chromatography mass spectroscopy (LC-MS). There was a significant increase in the 
levels of peroxide value and aldehydes with storage time at -10 °C (p<0.01) compared 
with samples stored at -80 °C. In this study we have shown the formation of 
glutaraldehyde in frozen fish for the first time and confirmed its presence and that of 
malondialdehyde by LC-MS. In addition, toxic aldehyde 4-hydroxynonenal (HNE) 
can be formed in badly stored frozen mackerel and can be used as a marker for 
reduced texture quality and nutritional value of fish.
Addition of green tea provides a cheap, effective way of enhancing safety especially 
in developing countries as green tea polyphenols have a protective effect against lipid 
peroxidation induced toxicity based on their antioxidative ability, through scavenging 
free radicals (Kaur and Kappor, 2001; Martinez et al, 2006; Giese, 1996; Tang et al, 
2001; Aubourg, 1997). The antioxidant had a substantial effect on slowing down the 
oxidation process, as shown by the decrease in the level of peroxide values, 
malondialdehyde, HNE and hexanal. However, in the present study, it was 
demonstrated that a higher-concentration of green tea (500 ppm) was not effective as 
the addition of 250 ppm in reducing aldehyde formation (p<0.05). Considering the 
toxicity and reactivity of aldehydes, it is important to investigate the accumulation 
and reaction mechanisms of aldehydes production in fish and other food products. 
Aldehyde interaction with protein in terms of cross linking can lead to aggregation 
and toughness in fish muscle; reduction of nutritional value and increase in 
cytotoxicity, as summarized in figure 1 0 .1 .
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Figure 10.1. Mechanisms of protein-oxidized lipid interactions
10.3. Protein-aldehyde interaction
Aldehydes are strong nucleophilic compounds that are able to react with electrophilic 
sites of many compounds e.g proteins via amino, thiol and imidazole groups 
(Esterbauer e t a l ,  1991). It has been reported that lipid peroxidation products can 
react with proteins producing different compounds which influence food quality
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(Saeed and Howell, 2002) and causes amino acids destruction which contributes to off 
flavours in food (Hidalgo and Zamora, 2004; Zamora e t a l , 2005). Furthermore, 
protein-lipid interactions and peroxidation products induce changes in protein 
structures (Meng e t  a l ,  2005). This results in alteration in enzymatic activities and 
inhibition of protein synthesis was due to protein cross-linking. Peroxidation products 
are implicated in pathogenesis of numerous diseases such as atherosclerosis, diabetes, 
cancer, aging and Alzheimer's diseases (Halliwell and Gutteridge, 1989; Volkel e t a l , 
2006).
In order to study the interactions of aldehydes with proteins, BSA was incubated at 37 
°C for 72 h with 4-hydroxy nonenal (HNE), malondialdehyde (MDA), hexanal (HEX) 
and gluteraldehyde (GLA) and modifications were determined using 
spectrophotometer, DSC, rheology, FT-Raman spectroscopy and LC-MS. Incubation 
of BSA in the presence of aldehyde decreased amino acids such as lysine, histidine, 
cystine and arginine (Uchida, 2000). This study has shown a decrease in the amount 
of lysine in BSA incubated with HNE, GLA, MDA and HEX indicated by lose in the 
free amino group of lysine after 72 hours. It is well known that even minor structural 
changes may cause dramatic changes in protein structure and therefore its properties. 
The Raman spectrum of BSA alone and BSA mixed with aldehydes indicated changes 
in the relative intensity of many bands and also small shifts in wave numbers. 
Changes in protein rheological profile including changing of gelling points was 
detected in aldehyde treated BSA. A significant decrease in gelling point values were 
observed for BSA mixed with GLA (p<0.01), HEX (p<0,05) and MDA (p< 0.01) and 
slight decrease for HNE compared with control BSA solution. This decrease may be 
due to interaction formed between BSA and aldehydes. G’ values increased in the 
presence of aldehydes which may contribute to toughening on frozen storage.
Being very reactive compounds, aldehydes are capable of reacting with many protein 
functional groups, thereby affecting conformation or inducing the formation of cross 
links. Mass spectrometry was used to assess the protein modification by the lipid 
peroxidation-derived aldehydes. The LC-MS spectroscopy analysis of intact BSA 
and modified BSA showed that MDA was extremely reactive towards BSA causing 
denaturation and fragmentation, followed by GLA, Hexanal, malondialdehyde and 
minimally by HNE.
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10.4. Assessment of cytotoxicity effect of lipids on intestinal cultured cancer 
cells
There is growing evidence that lipid peroxidation products cause severe damage to 
cells and alter cellular functions. They are thought to be responsible for many 
diseases including atherosclerosis, diabetes and cancer (Hanahan and Weinberg, 
2000). In this study, the effects of oxidized lipids such as methyl linoleate and fish 
oils on cultured cells were studied. Caco2 cells were cultured until 70 % confluent 
and then incubated with various concentrations of methyl linoleate and fish oil 
extracted from Atlantic Mackerel. Methyl linoleate and fish oil oxidized under UV 
light for 24, 48 and 72 hours were used as a model system to investigate the 
cytotoxicity impact of lipid oxidation adducts on caco- 2  cells.
Cell cytotoxicity was investigated initially using the MTT assay. In this assay, the 
amount of formazan produced by dehydrogenase enzyme is directly proportional to 
the number of living cells in the culture and this is measured spectrophotometrically 
at 490 nm (Mosmann, 1983). MTT results of samples treated with a range of 
oxidized lipids (2 0 - 1 0 0  pg/m) indicated that oxidized lipid decreased the cell 
viability; and 1 0 0  pg/ml oxidized lipid concentration had the most cytotoxic effect by 
decreasing significantly the amount of viable cells compared with other 
concentrations. The MTT assay appeared to be a sensitive indicator of cellular 
damage when combined with apoptosis results.
There are two forms of cell death, namely apoptosis and necrosis, characterized by 
morphological and biochemical changes. Necrosis is induced damage to cells 
(Wyllie, 1980) that can be characterized by cell swelling and disruption of the cell 
membrane, owing to the release of the cellular content; this may result in an 
inflammatory response (Girotti, 2001) and also reduce the intracellular glutathione 
(GSH) content (Saiato e t  a l., 2005). In contrast, apoptosis results from activating a 
family of cysteine aspartic acid-specific proteases known as caspases (Muzio, 1998). 
Previous studies revealed that PUFAs induce apoptosis and inhibit cell 
proliferation/viability in v itro  (Arita e t  a l., 2001). According to MTT results, high 
concentrations of oxidized lipids ( 1 0 0  pg/ml) caused severe damage to cells in terms 
of decreased cell viability, increased TBARS level and induced cell death. Cells
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treated with 100 pg/ml UV-oxidized methyl linoleate (ML) and fish oil with a high 
PV level, showed more damage compared with those incubated with oxidized fish oil 
which had a low PV value due to the presence of both saturated and unsaturated 
lipids. Further more, increased cell viability was observed in cells pre-treated with 50 
pM EGCG with lower PV and TBARS levels by preventing ROS production and 
reducing lipid oxidation-cell death and DNA damage from the oxidative stress, thus 
reflecting the antioxidant action of tea catechins in oxidized-lipid-treated cells. 
These results suggest that tea catechins can protect the cell membrane against damage 
by oxidized lipid.
The present studies indicate clearly that both oxidized fish oil and ML induced 
apoptotic cell death in v i tr o , as detected by Hoechst 33258 staining and analysed 
fluorescence microscopy. Fluorescence microscopical evaluation of caco-2 cells 
showed normal nuclei and organized cell structure in live cells while oxidized lipid- 
treated caco- 2  cells revealed dead cells showing morphological features of necrosis 
and apoptosis, especially cell shrinking, chromatin condensation, membrane blebbing 
and nuclear fragmentation (formation of apoptotic bodies). Samples treated with UV- 
oxidized ML (100 pg/ml) showed a significant degree of nuclear fragmentation 
compared with samples treated with oxidized fish oil (p<0.05). This difference can be 
related to the fact that fish oil includes saturated fatty acids beside unsaturated fatty 
acids, and the saturated fatty acids are known to have weak oxidation effect. In order 
to identify the type of cell death mechanism that caco- 2  cells underwent in the 
presence of oxidized lipids, activation of a family of cysteine aspartic acid-specific 
proteases known as caspases was investigated (Muzio, 1998). The presence of 
caspase-3 was determined using Western blot analysis. Caco-2 cells treated for 72 h 
with 100 pg/ml of ML and fish oil exposed to UV light for 24, 48 h showed apoptosis, 
as indicated by caspase-3 cleavage activation. However, samples pre-treated with 
EGCG before incubation with oxidized ML or fish oil for 24 h, inhibited apoptosis. 
These results confirm further the protective effects of EGCG against lipid 
peroxidation products; EGCG is considered to have anti-inflammatory, 
anticarcinogenic and free radical scavenging properties. However, the mechanisms of 
EGCG in biological system are not yet understood. Finally, new techniques were 
used namely ESR spectroscopy of cells to detect free radicals, AFM to non-invasively 
visualize cell death due to the addition of oxidized lipids and Raman microscopy that
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showed major changes in the membrane and DNA damages in cells treated with 
oxidized lipids.
10. 5. General Conclusions
• High temperature (-10 °C) and storage time caused undesirable effects in 
frozen Atlantic mackerel such as protein denaturation and lipid oxidation.
• Lipid oxidation products including aldehydes play an important role in protein 
denaturation and texture changes.
• Aldehydes including MDA, GLA, HEX and HNE, isolated and characterized 
by LC-MS. GLA and HNE were detected for the first time in frozen fish. 
Protein-aldehyde interaction damage protein structure and therefore reduces 
protein functionality.
• Appropriate levels of antioxidants like green tea can improve fish quality 
during frozen storage.
Oxidised lipids (ML or fish oil) at over 40 pg/ml induce apoptosis in caco-2 
cells.
Antioxidants (tea polyphenols) reduce free radicals generated by the oxidising 
lipid and subsequent protein cross-linking and cell damage.
10.6. Future work
• To investigate the effect of oxidized fish oil concentrations on consumers eating 
a large quantity of fatty fish that has been stored for longer period at high 
temperatures (-10 °C) e.g in developing countries.
• To detect other aldehydes formed in fish muscle during frozen storage using LC- 
MS.
• To assess the effect of interactions between green tea at different concentration 
and protein in food products.
• To analyse the cytotoxicity products results from effect of oxidized lipids on 
cells using mass spectrometric techniques (MALDI-TOF).
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• To investigate the effect of oxidized lipids on caco-2 cells using microarray 
techniques.
• To study the effect of oxidized lipids on DNA using FT-IR microscopy and 
AFM techniques.
• To study the mechanism of EGCG in biological systems in acting against free 
radicals scavenging and reducing lipid peroxidation.
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APPENDIX
Appendix 1
Fatty acids standard profile and peaks assignment
FID1 A. (RABIA\1035FAST. D)
222
NO.of peak Retention Time Component (Acid Methyl ester)
1 10.629 C l0:0 (Capric)
2 11.964 C11:0 (Undecanoic)
3 13.264 C 12:0 (Laurie)
4 14.318 C13:0 (Tridecanoic)
5 15.439 C14:0 (Myristic)
6 15.664 Cl 4:1 (Myristoleic)
7 i 6.318 C15:0 (Pentadecanoic)
8 16.557 C15:1 (cis-10-Pentadecanoic)
9 17.239 C l6:0 (Palmitic)
1 0 17.323 Cl 6:1 (Palmitoleic)
1 1 17.915 C17:0 (Heptadecanoic)
1 2 18.028 C17:l (cis-10-Heptadecanoic
13 18.77 C18:0 (Stearic)
14 18.846 C18:ln9c (Oleic)
15 19.121 C18:ln9t (Elaidic)
16 19.271 C18:2n6c (Linoleic)
17 19.552 C18:2n6t (Linolelaidic)
18 20.453 C18: 2n6 (y-Linolenic)
19 20.514 C18: 3n6 (y-Linolenic)
2 0 20,961 C20:0 (Arachidic)
2 1 21.196 C20:ln9 (cis-ll-Eicosenoic)
2 2 21.388 C20:2 (cis-ll-Eicosadienoic)
23 21.561 C20:3n6 (cis-8,11,14-Eicosatrienoic)
24 21.633 C20:3n3 (cis-ll,14,17-Eicosatrienoic)
25 22.153 C20:5n3 (cis-5,8,ll,14,17-Eicosapentaenoic)
26 22.966 C22:0 (Behenic)
27 23.106 C22:ln9 (Erueic)
28 23.791 C22:2 (cis-13,16-Docosadienoic)
29 24.615 C22:6n3 (cis-4, 7, 10, 13, 16, 19-Docosahexaenoic)
30 26.292 C23:0 (Tricosanoic)
31 27.106 C24:0 (Lignoceric)
32 27.388 C24:11 n9 (N ervonic)
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Appendix 2
Calibration curve to determine formaldehyde content
y = 0.01x-0.1187
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Appendix 4
Calibration curve to determine protein content:
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The AFM is in principle a simple device, which operates by scanning a sharp tip on 
the end of a flexible cantilever scanning across a sample surface, whilst maintaining a 
small, constant force by a feedback system, which adjusts the distance between the 
sample and the probe tip, to maintain a constant deflection of the cantilever as it 
traverses the sample. A contour map of the surface is deduced by recording signals 
from the feedback loop.
Appendix 5
Principal of atomic force microscopy
AFM controller 
electronics
Atomic force microscopy (AFM) set up.
As shown in above Figure, the scanning motion is performed by a piezoelectric tube 
scanner, which can move the sample in three directions on the picometer scale. The 
tip movement is monitored by reflecting a laser beam off the back of the cantilever 
onto a photodiode array. By detecting the difference in the photodetector output 
voltage, the changes in the cantilever deflection or oscillation amplitude arc 
determined. AFM has two operation modes: contact mode and non-contact mode 
(NC-AFM) (Couturier e t a l ., 2003). NC-AFM is also known as intermittent-contact 
mode (Fain e t a l ., 2000) or tapping mode (TappingMode™ by Digital Instruments, 
USA). In contact mode, the tip scans across the sample surface whilst the change in 
the cantilever deflection is monitored. In tapping mode, the cantilever is oscillated at 
its resonance frequency by a piezo oscillator, which is located beneath the cantilever
227
base. During the scan, the oscillating tip lightly “taps” on the surface and the 
amplitude of cantilever oscillation is detected in the form of root-mean-square (RMS) 
displacement by the laser photodiodes. A feedback loop maintains the oscillation 
amplitude constant by moving the scanner vertically at every (x, y ) data point. 
Recording this movement forms the topographical image. The advantage of tapping 
mode over contact mode is that it eliminates the lateral, shear forces present in contact 
mode. This enables tapping mode to image soft, fragile, and adhesive surfaces without 
damaging them, and the tip lasts longer before losing its sharpness. Both contact and 
non-contact modes can be performed in air or liquid environments.
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Appendix 6
Posters
• International Symposium on food rheology and structure conference, (Effect of 
aldehyde formation on frozen food texture). Zurich, Switzerland. February 
2006.
• World congress of food science and technology, (Aldehyde formation and 
protein denaturation in frozen fish). Nantes, France. September 2006.
• School of biomedical and molecular sciences, Postgraduate student poster 
presentation, (Aldehyde formation and protein denaturation in frozen fish): 
University of surrey, Guildford. July 2005.
• School of biomedical and molecular sciences, Postgraduate student poster 
presentation, (Effect o f aldehyde formation on frozen food texture): University 
of surrey, Guildford. July 2006.
Presentation
• RCS Postgraduate research students conference,Aldehyde formation and protein 
denaturation in frozen fish, University of leeds. July 2006.
Papers submitted from thesis
» Effect of green tea on protein structure mackerel (sc o m b e r  sco m b ru s) during 
frozen storage by FT-Raman spectroscopy. Trends in f o o d  sc ien ce  a n d  
tech n o lo g y  submitted 2007.
• Aldehyde formation in frozen mackerel (sc o m b e r  scom bru s) in the presence and 
absence of instant green tea. F o o d  ch em is try  submitted 2007.
• Formation of 4-hydroxynonenal (4-HNE) in frozen mackerel (sco m b er  
sco m b ru s) in the presence and absence of green tea. Journal of the Science of 
F o o d  a n d  A g ricu ltu re  (JSFA) submitted 2007.
• Investigation of aldehyde-protein interaction.
Conferences attended during thesis
229
. Cytotoxicity effect of oxidized lipids in cultured colonal human intestinal cancer 
cells (caco-2 cells). F o o d  to x ico lo g y  submitted 2007,
• Elucidation of the cytoxicity effect of oxidized lipids on cultured caco-2 cells 
using bioimaging techniques. F o o d  a n d  ch em ica l to x ico lo g y  submitted 2007.
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Aldehyde formation and protein denaturation in frozen fish
Y J  By Rabia Alghazeer ,Suhur Saeed and Nazlin K. Howell * <  j
Nutrition and Food Safety Research " ■
I
-10’C(green tea 290 ppm) ;
-10‘C(wlthout antloxldant)
’To assess the formation of primary and 
secondary lipid peroxidation products and 
changes in proteins in stored frozen mackerel.
’To assess the effect of antioxidants (green 
tea).
•To investigate the interaction between 
I secondary lipid oxidation products and
proteins and its effect on food quality and Fla2 Thiobarbituric Acid (TBA) Test results obtained from mackerel 
I health. stored at-10°C  (with and without antloxldants) and at -80'C (control) for
Storage Thna (W eeks)
Results
4.0% 2.4% 19.9%a
Fla.1.Proximate chemical composition 
of mackerel
Introduction
ea food products are an important source of 
roteins and lipids. However, during storage 
any biochemical changes take place resulting in 
indesirable toxic products such as aldehydes, 
ipid aldehydes may contribute to both cell injury 
nd development of several diseases including 
iabetes and atherosclerosis as well as 
lecreased food quality. Aldehydes such as 
Tialondialdehyde (MDA) .glutaraldehyde (GLD) 
and 4- hydroxynonenal (HNE) are produced from 
ifferent lipid oxidation products or from 
xidation of amino acids via free radicals 
generated during lipid peroxidation.
Lipid 
[O]
Aldehydes 
[O ]/ \  Protein
UP to  1 6  w e e k $ .
r . .■grt-fr'
►MS \>SH
i:
— X H = ^ ---------------------------- N
► M S 2 S — /  CH--------C H = C H —*  "V C _S H
i k t
CtH«N20tt 222.01 0*2*209 101 M
"S-N
►MS3
Fiq.3.Mass spectra and chemical structures for TBA with MDA
272J »0”4,, ^
O H  O H
6h moA A
HO 17 00
C13H11M403S2 33803
300 3D M
nino acid Glucose i5
Methods
OH OH
> 6h
rLipid extraction The iipid fraction was extracted by the Bligh and Dyer method. Fish tissue (20 g) was homogenised with 20 ml chloroform and 40 
ml methanol for 1 min followed by the addition of 
75 ml R.Q water and 20 ml of 1 % NaCi solution. 
The mixture was homogenised at 2000 rpm for 5 
min. The aqueous layer was discarded and 
chloroform layer was evaporated.
Protein determination: 30 ml of phosphate buffer 
(50 mM, pH 7.5) containing 0.8 M NaCI was added 
to 10 g fish tissue. After the sample 
homogenised and centrifuged at 5000 x g for 20 
in, salt soluble protein was determined by the
'tin' ' iso 1 1*01 1 in' ' ' 200' 1 'a» ’ T  ' aio' ' 'Jo1 ' 'ijo' 1 'ii»' ' 'jio'
F(g.4,Mass spectra and chemical structures for TBA with QiutaraldehvdeI f
Conclusions
■. ■ I ); 'fjti J ' r
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